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Water hyacinth (Pontederia crassipes Mart.), is an invasive aquatic plant that 
could be considered as a third-generation feedstock for bioconversion processes due to its 
rapid growth and phytoremediation properties when cultivated in contaminated water. 
The anaerobic digestion of water hyacinth could be a sustainable approach for the 
remediation of contaminated waters and the production of bioenergy. The pretreatment of 
this lignocellulosic biomass and the use of process aids increase the performance of the 
bioconversion processes.  
In this work, the physicochemical characteristics and biomethanation potential of 
water hyacinth from the Ozama River (Dominican Republic) were determined. Also, the 
energy consumed in harvesting was estimated. Furthermore, the optimal conditions for 
the process scaling up were determined including the feed to inoculum ratio (F/I), 




hyacinth, the effects of wet air oxidation (WAO) and alkaline wet air oxidation (AWAO) 
on the feedstock’s structure and biomethanation were compared. Also, the use of solid 
residues from thermochemical processing, i.e. biochar, as an aid for the biomethanation 
of unpretreated and pretreated water hyacinth was studied.  
The biochemical methane potential of water hyacinth from Ozama River was 
399.2 ± 32.2 N. mL CH4/g VS added. The estimated energy produced per tonne of fresh 
biomass was 846.5 MJ, more than 10 times the estimated energy required for harvesting.  
The estimated higher net energy for a 5 m3 batch digester occurred at the highest F/I (30) 
and 40°C.  The AWAO was most suitable pretreatment for the biomethanation of water 
hyacinth than WAO. The AWAO using 0.14 g Na2CO3/ g feed at 170°C increased the 
maximum methane potential of water hyacinth by 24%, and the methane production rate 
from 4.1 ± 0.2 to 7.8 ± 1.6 N. mL CH4/g feed · day. The AWAO of water hyacinth at 
lower temperature and alkali concentration during (0.07 g Na2CO3/ g feed at 80°C) 
increased the methane yield by almost 45% after 21 days of digestion.  The effect of 
poultry litter biochar on the biomethanation kinetics of water hyacinth from the Ozama 
river was negligible. However, the addition of 10% poultry litter biochar to pretreated 
water hyacinth (0.07 g Na2CO3/ g feed at 170°C), prevented the system from 
acidification. The AWAO is a promising pretreatment process for the biomethanation of 
water hyacinth from contaminated water bodies like Ozama river.  








Biomethanation and Alkaline Wet Air Oxidation (AWAO) of Water Hyacinth 
(Pontederia crassipes) from Ozama River, Dominican Republic  
Yessica A. Castro  
 
Obtaining valuable products from environmental remediation waste is a 
sustainable approach that contributes to the ecological well-being of developing 
countries.  In the present work, the feasibility of the water hyacinth anaerobic digestion as 
a post-weed management practice in the Ozama River (Dominican Republic) was 
demonstrated. The estimated energy required for harvesting was lower than that produced 
during digestion. The biomethanation of water hyacinth was improved by Alkaline Wet 
Air Oxidation (AWAO), a thermochemical pretreatment process that almost doubled the 
methane production rate and increased the yield by 24% when conducted at high 
temperatures. At lower temperatures, the methane yield of the AWAO water hyacinth 
was more than 40% higher than the unpretreated biomass. After subjecting water 
hyacinth to high temperature and low alkali AWAO, the addition of poultry litter biochar, 
a residue from thermochemical processing, improved the biomethanation kinetics of the 
system. This dissertation not only contains valuable information for the scale-up of the 
water hyacinth’s biomethanation as a biorefinery process in developed countries but also 
contributes to the development of sustainable ‘from waste to product’ technologies in 
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1.1  Dissertation Format 
The Chapter I of this dissertation provides an overview of the effect of a fossil-
based economy in the environment including the water pollution in rivers and other water 
sources, which manifests in the excessive growth of water hyacinth. The influence of this 
invasive weed on eutrophic rivers in the Dominican Republic and its impact on the 
society is discussed. The potential uses of water hyacinth as biomass feedstock, 
conversion to energy using thermochemical methods and biomethanation were examined. 
In addition, the research objectives and engineering significance of the project are stated 
in this chapter. Chapter II is an article published in Environmental Science and Pollution 
Research (Castro and Agblevor 2020a) and deals with the characterization and 
biomethanation of water hyacinth as a weed management practice in developing 
countries like Dominican Republic. Chapter III is an article published in Springer Nature 
Applied Sciences (Castro and Agblevor 2020b) that covers the effects of important 
process control parameters such as thermophilic temperature and feed to inoculum ratio 
on the biomethanation of water hyacinth. Chapter IV is an article published in Biomass 
Conversion and Biorefinery (Castro and Agblevor 2020c) and focuses on the effect of 
aqueous oxidative pretreatment on the characterization and biomethanation of water 
hyacinth. Chapter V is an article in preparation that deals with the effect of lower 




water hyacinth.  Chapter VI is a summary of the project findings and states future 
prospects and recommendation related to the work conducted., 
1.2 Overview 
From a Fossil-based to a Bio-based Economy 
Since the industrial revolution (1750 AD), fossil fuels have been essential to the 
energy supply of modern societies.  These fuels (coal, oil, natural gas) are comparatively 
cheap and convenient energy carriers for heating, cooling, lighting, power production 
(mechanical and electric), transportation, and the manufacturing of fine and bulk 
chemicals and other materials (de Jong and Van Ommen 2015).  However, according to 
the BP Energy Outlook (P.l.c. 2019),  the rise of the global energy demand, triggered by 
the increasing prosperity in fast-growing developing economies, is expected to cause 
stress on the limited conventional sources (i.e. fossil fuels) and promote the growth of the 
renewable ones by 2040. As a preventive approach, Europe has adopted strategies for the 
application of a bio-based economy.  According to the European Commission, 
Bioeconomy is Europe’s response to key environmental challenges the world is facing 
already today. It is meant to reduce the dependence on natural resources, transform 
manufacturing, promote sustainable production of renewable resources from land, 
fisheries and aquaculture and their conversion into food, feed, fiber, bio-based products 
and bioenergy, while growing new jobs and industries. The effective transition from a 
fossil-based to a bio-based economy requires community actions related to market 
development, technology, research, science, and policy (Vandermeulen et al. 2012). The 
implementation of bio-based economies could contribute to the sustainability of 




The population growth, climate change, reduction of waste, energy, and food 
security are some of the factors that trigger the application of a bio-based economy. The 
world’s population is expected to grow from 7 to 9 billion by 2050, which would increase 
greenhouse gas (GHG) emissions, e energy, and food demand (Lewandowski 2017). 
Since 1750 AD, the combustion of fossil fuels, deforestation, and soil-borne emissions 
have triggered an increase in the atmospheric concentrations of the major GHG such as 
carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) by 40%, 150%, and 20%, 
respectively (ICCP, 2014). The increasing atmospheric concentration of GHG that leads 
to global warming could be mitigated by the use of bio-based instead of fossil resources. 
The utilization of waste from bio-based agricultural practices is not only environmentally 
friendly but also contributes to food security by increasing the total biomass supply for 
non-food biomass applications such as the production of biofuels or chemicals 
(Lewandowski, 2017; Bennich and Belyazid, 2018; Lokesh et al. 2018). Bio-based 
economies should rely on the use of feedstocks that do not affect food security 
worldwide.  
Feedstock for Bio-based Products 
The selection of the right feedstock determines the sustainability of a bio-based 
economy. The most important factors to consider during the feedstock selection are 
biomass composition, yield, and sustainability (Wyman 2013). On that basis, the 
feedstocks used for the production of bio-based products are classified as first- (food 
crops), second- (energy crops or agricultural residues), and third- (seaweed) generation 
feedstocks (Allen et al. 2016; Gerbens-Leenes 2017). Even though the first-generation 




production leading to low sustainability. Thus, second and third-generation feedstocks are 
the most desirable for a bio-based economy. Among second-generation feedstocks, 
energy crops have a larger water footprint (m3/GJ) than crop residues (Gerbens-Leenes 
2017). Therefore, residual biomass, invasive energy crops that grow in scarce conditions 
or aquatic plants that can grow in wastewater are ideal.  
Water Hyacinth as a Feedstock for Bio-based Production 
Water hyacinth (Pontederia crassipes Mart.) formerly known as Eichhornia 
crassipes (Mart.) Solms is a free-floating flowering perennial aquatic plant native to the 
Amazon river basin and present in tropical and subtropical areas in the world.  When 
water bodies are invaded by this macrophyte, there are changes in the water chemistry, 
reduction in the penetration of dissolved oxygen, increase in evapotranspiration, and flora 
disruption (Hossain et al. 2015). Water hyacinth is considered as a potential feedstock for 
bio-based production because of its high growth rate, minimum requirements for 
cultivation, and no competition with food and feed production. Water hyacinth 
productivity is up to 100-200 MT/ha / yr (Duke 1983). Also, water hyacinth can be 
cultivated under stress, including temperatures as low as 14°C, and water with salinity up 
to 2%, and very high or limited nutrient (N, P) content (Wilson et al. 2001). Furthermore, 
water hyacinth has been successfully used in cleaning up municipal and agricultural 
wastewaters for the removal of algae, fecal coliform bacteria, suspended particles, trace 
toxic metals, organic compounds, and other impurities (Gupta 1980). Water hyacinth is a 




Uses of Water Hyacinth  
In geographic areas where water hyacinth is present, this lignocellulosic biomass 
has been used to satisfy societal needs such as feed, heat, transportation, and chemicals 
through physical and biochemical processing. Water hyacinth has been reported to be 
useful for paper production, fertilizer, animal feed, composting, bioethanol, biogas, and 
furniture (Rezania et al. 2015a). Water hyacinth fiber was characterized for potential use 
in the textile industry (Bhuvaneshwari and Sangeetha 2016). The roots of water hyacinth 
have been used as a matrix to immobilize iron oxyhydroxide (FeOOH) to be used as 
arsenic adsorbent (Lin et al. 2018). Similarly, water hyacinth pellets immobilized with 
Chlorella sp. was used for the bioremediation of cadmium (Shen et al. 2018). 
Carboxymethyl cellulose from water hyacinth has been used as a binder material for 
lithium-ion battery electrodes (Hidayat et al. 2018). Water hyacinth is a good potential 
feedstock for biogas production due to its high nitrogen content and C/N ratio of around 
15 (Koutika and Rainey 2015). Studies show that the anaerobic digestion of water 
hyacinth and cow dung mixture (4:1) is estimated to yield 370 L of biogas per kg of dry 
biomass (Rezania et al. 2015b). Anaerobic fermentation of water hyacinth has also been 
conducted using Clostridium diolis, and Clostridium beijerinckii for biohydrogen and 
biobutanol production, respectively. Some of the value-added products that have been 
experimentally obtained from water hyacinth include enzymes (i.e. cellulase, β-
glucosidase, and xylanase) as well as organic acids such as levulinic acid, and shikimic 
acid (Sindhu et al. 2017). Furthermore, two antioxidant peptides from water hyacinth leaf 
protein hydrolysates were isolated, purified, and identified for potential use as 




the use of water hyacinth as feedstock requires the evaluation of the characteristics of the 
biomass to determine the feasibility of the conversion approaches. 
Thermochemical Conversion of Water Hyacinth to Biofuels  
Combustion and thermochemical processing such as pyrolysis and gasification are 
some of the thermal applications that have been conducted using water hyacinth as 
feedstock. Slow pyrolysis of water hyacinth was studied and showed 24.6 wt. % of oil 
production (Biswas et al. 2017). Two-stage pyrolysis of fresh, putrefied, and microbe-
treated water hyacinth yielded 34.34%, 58.31%, and 43.21% by mass of highly upgraded 
oil, respectively (Hussain et al. 2017). Also, microscale pyrolysis of dried (~8% 
moisture) water hyacinth was performed at 500°C resulting in a bio-oil mainly composed 
of glycerol, o-benzenediol, p-benzenediol, arabinoic acid, levoglucosan, and 
hexadecanoic acid (Santos et al. 2017). Likewise, water hyacinth modified with the 
addition of Fe2(SO4)3 has been used for co-gasification with coal to reduce the ash fusion 
temperature of the process (Liu et al. 2013). Similarly, water hyacinth has been used for 
the production of charcoal briquettes for combustion in communities from Thailand 
(Suttibak and Loengbudnark 2018). Even though water hyacinth has been used as 
feedstock for thermochemical processing, the feasibility of this feedstock for this type of 
conversion process is questionable. 
The use of water hyacinth for thermochemical processes is economically 
unfeasible due to the high amount of energy required not only for the biomass conversion 
but also for the conditioning before processing. The sustainability assessment of water 
hyacinth for fast pyrolysis showed that drying and grinding are required steps for this 




14.1 MJ/kg) of the plant on fresh conditions (Buller et al. 2015). Besides, studies showed 
that decomposition of cellulose in water hyacinth at temperatures below 280°C was not 
possible under pyrolytic conditions but was attained through hydrothermal treatment 
(Luo et al. 2011). Similarly, feedstocks with more than 15% of water content are not 
suitable for conventional gasification systems but are considered to be suitable for 
supercritical water gasification (SCWG). However, SCWG is bound to high installation 
costs due to elevated temperature-pressure and rust-resistant materials, and high energy 
requirements (Sikarwar et al. 2017). To achieve 95% of efficiency on SCWG of water 
hyacinth, temperatures over 500°C, and reaction times longer than 60 min are needed 
(QiuLing et al. 2017). Despite the thermochemical conversion processing that has been 
experimentally conducted on water hyacinth, more economically feasible routes for 
obtaining valuable products from this feedstock should be studied. 
Biomethanation of Water Hyacinth from Ozama River  
The Dominican Republic is a developing country located in the Caribbean Sea, 
within the American continent. The services industry, mainly tourism-related activities,  
dominates the Dominican economy (Pozo et al. 2013). The tributary rivers Ozama and 
Isabela, located in Santo Domingo, the capital city of the Dominican Republic, are 
affected by water hyacinth. The contamination of these water bodies leads to further 
eutrophication due to the presence of water hyacinth (Salas and Martino 1988). This 
condition is socio-economically detrimental for Santo Domingo due to the resulting bad 
odor and the inability to use these water bodies for urban, recreational, and agricultural 
activities. The main areas of the rivers affected by the presence of water hyacinth are 




Kunth also known as anchored water hyacinth was identified at a lower density in some 
of the sampling points (e.g. El Naranjo). Currently, the mechanical harvesting of water 
hyacinth is conducted periodically at the high-density areas within the Ozama and Isabela 
rivers (Gavilán 2018). The use of the residual biomass for the production of biobased 
goods is an alternative that could contribute to the transition from fossil-based to the bio-
based economy in the Dominican Republic.  
The use of water hyacinth from Ozama and Isabela rivers for bioenergy 
production could mitigate the costs associated with weed harvesting and increase the 
sustainability of this process. Aquatic plants like water hyacinth are considered to be 
promising feedstocks for anaerobic digestion due to their high water content and high 
digestible organic matter (Wellinger et al. 2013). The anaerobic digestion is a process 
where hundreds to thousands of microbial species convert complex organic matter into 
biogas (CH4 and CO2) through hydrolysis, acidogenesis, acetogenesis, and 
methanogenesis (Pavlostathis and Giraldo-Gomez 1991; Wellinger et al. 2013). The 
feasibility of the anaerobic digestion of water hyacinth as a post weed management 
practice in the Ozama river is explored in Chapter II (Castro and Agblevor 2020a). The 
water quality from two distinct areas of the Ozama river and the characteristics and 
biomethanation kinetics of the water hyacinth from those sites are compared. For the 
feasibility analysis, the energy required for harvesting and that produced from the water 
hyacinth bioconversion process were compared.  Similarly, a parametric study on the 
anaerobic digestion of water hyacinth based on kinetics and energy analyses is presented 
in Chapter III. The main and interaction effects of different feed to inoculum (F/I) ratios, 




biomethanation, and their alteration by inoculum acclimatization were studied through 
factorial experiments. The differences in kinetics and energy balance between the 
anaerobic digestion of water hyacinth at different F/I and low and high mesophilic 
temperatures are also presented in Chapter III. The potential viability of water hyacinth 
from Ozama River as a biogas feedstock is established in the following two chapters.  
Pretreatment of Water Hyacinth 
The productivity of the bioconversion processes from lignocellulosic feedstocks, 
e.g. water hyacinth, is limited by the recalcitrance of the biomass. Pretreating 
lignocellulose before fermentation increases the bioavailability of the targeted 
macromolecules resulting in faster digestion (Tian et al. 2005; Xu et al. 2019; Zoghlami 
and Paës 2019; Sankaran et al. 2020). The water hyacinth from the Ozama river was 
subjected to wet air oxidation (WAO) and alkaline wet air oxidation (AWAO) under 
lower pressure conditions. The effect of these pretreatments on the structure and 
biomethanation kinetics of water hyacinth feedstock is presented in Chapter IV (Castro 
and Agblevor 2020c). The chapter also shows the feasibility of WAO and AWAO for the 
biomethanation of this feedstock by comparing the pretreatment heating energy and the 
produced energy from unpretreated and pretreated water hyacinth. Finally, parametric 
studies on the AWAO of water hyacinth for anaerobic digestion are presented in Chapter 
V. The study considers the temperature and the alkali load as control parameters for 
optimization. The effect of poultry litter biochar as an aid on the biomethanation of 




1.3 Research Objectives  
The purpose of this dissertation is to provide insight on the biomethanation of the 
invasive water hyacinth as a post weed management practice in eutrophic water bodies, 
and to improve the biochemical methane potential of this feedstock via aqueous oxidative 
pretreatment. 
• Objective 1. Determine the physicochemical characteristics and 
composition of water hyacinth from Ozama River. 
• Objective 2. Determine the biochemical methane potential of water 
hyacinth from Ozama river.  
• Objective 3. Determine the effect of high feed to inoculum ratio (F/I), 
temperature, and inoculum acclimatization on the biomethanation of water 
hyacinth.  
• Objective 4. Determine the effect of oxidative pretreatment on the 
structure and biomethanation of water hyacinth  
• Objective 5. Determine the effect of low pretreatment temperatures on the 
biomethanation of water hyacinth 
• Objective 6. Determine the effect of biochar on the biomethanation of 
pretreated water hyacinth.  
1.4 Engineering Significance 
The biomethanation of water hyacinth provides an environmentally friendly 
solution for the use of this invasive plant that affects 50 countries around the globe. Since 
water hyacinth is generally mechanically removed from eutrophic water bodies to reduce 




production would mitigate the costs related to harvesting. Similarly, the optimization of 
the biomethanation of water hyacinth could be useful during the scaling up of batch 
systems to increase the process performance by controlling the mesophilic temperature 
and high feed to inoculum ratio. The pretreatment of water hyacinth increases the 
digestibility of the feedstock reducing the bioprocessing time, improving the efficiency of 
the process. This research is intended to benefit developing countries which are affected 
by water hyacinth such as the Dominican Republic. However, the findings on the 
pretreatment of water hyacinth are of importance to any bioconversion process using this 
weed as feedstock. The effect of aqueous oxidative pretreatment and on the 
biomethanation of water hyacinth is very significant for constructed systems where water 
hyacinth is cultivated for phytoremediation of wastewaters (i.e., wetlands). The present 
work contributes to the elimination of waste and continual use of resources, activities that 





CHARACTERIZATION AND BIOMETHANATION OF WATER HYACINTH 
AS A POST WEED MANAGEMENT PRACTICE 
2.1 Abstract 
Anaerobic digestion of water hyacinth (Pontederia crassipes Mart.) from 
eutrophic water bodies could be a sustainable post-weed management practice to generate 
bioenergy. Comparative analyses of the water quality, physicochemical characteristics, 
and biomethanation kinetics of water hyacinth from two sites with different water types 
(brackish versus freshwater) in the Ozama river, Dominican Republic, were conducted. 
Also, the energy produced from the anaerobic digestion and that consumed in harvesting 
was estimated. The highest non-structural components in the form of protein 
(18.8 ± 1.9%) and extractives (26.4 ± 0.1%) were found in brackish water hyacinth, 
whereas that from freshwater had the highest amount of holocellulose (41.2 ± 2.8%). 
Indicators of plant productivity, i.e., chlorophyll b and bulk density, were more than 30% 
higher in brackish than in freshwater hyacinth. The methane production rate in the 
digestion of water hyacinth from brackish water (22.5 N. L/kg VS added· day) was twice 
that from freshwater (10.0 N. L/kg VS added· day). The higher nutrient content in the 
brackish water could have influenced the superior performance of water hyacinth from 
that source compared with that from freshwater. Overall, the maximum methane potential 
of the Ozama river water hyacinth was 399.2 ± 32.2 N. L CH4/kg VS added. The estimated 
energy produced per ton of fresh biomass was 846.5 MJ, but only 57.9 MJ would be 
required for mechanical harvesting. The biomethanation of water hyacinth can mitigate 





Water hyacinth (Pontederia crassipes Mart.), formerly Eichhornia crassipes 
(Mart.) Solms (Pellegrini et al. 2018) is one of the most noxious and invasive aquatic 
plants threatening the water quality of tropical and subtropical ecosystems. The capacity 
of this plant to reproduce sexually and asexually leads to high growth rates and formation 
of large floating mats. As a result, water bodies affected by water hyacinth have lower 
oxygen and high organic debris contents. Decaying biomass has detrimental effects on 
rivers such as acceleration of eutrophication, unpleasant taste of water and odor due to 
oxygen depletion (Jones 2001; Hronich et al. 2008; Gettys et al. 2009). Increased 
eutrophication and reduced light penetration due to the dense mats can be lethal to fish 
and other plant species. Invasions by aquatic weeds have also been linked to increases in 
human water-related diseases (Jones 2001; Chamier et al. 2012). The proliferation of 
water hyacinth in rivers and its detrimental impact on the ecosystems require sustainable 
weed management practices. 
The reduction of costs associated with weed management has the potential to 
contribute to the sustainability of environmental protection practices. In high-income 
countries, millions of dollars are expended annually to prevent harbors from aquatic weed 
invasions. California Bay-Delta paid $46.852 million on herbicidal treatments to control 
invasive weeds between 2013 and 2016 (Jetter and Nes 2018). In developing countries, 
high costs can limit the application of environmental management practices. Therefore, 
sustainable and cost-effective methods for weed control are needed. Herbicides (e.g. 
diquat, ioxynil + 2,4-D-isooctyl) can be as effective as manual and mechanical harvesting 




chemical methods to eliminate water hyacinth from water bodies is five times less cost-
effective than biological, mechanical, and integrated methods (Wyk and Wilgen 2002). 
However, the mechanical removal of weeds is connected to high disposal costs. Some 
methods that have been considered for facilitating and reducing disposal expenses are 
energy-consuming such as fluidizing, dewatering, and combustion (Livermore et al. 
1971). Integrating the mechanical harvesting of water hyacinth with the bioprocessing of 
the biomass could reduce the harvesting and weed disposal costs by generating valuable 
products. 
Ozama river, an important water body in the Dominican Republic that is used for 
fishing, urban, industrial, recreational, and agricultural activities, has been invaded by 
water hyacinth. Previous reports on the water condition of the river along Santo Domingo 
showed turbidity ranging from 5.0 to 12.0 NTU; 10-35 μg/L of chlorophyll-a; 0.4 - 4.0 
mg/L dissolved oxygen (DO); and salinity levels ranging from 0.1 to 2.5 PSU (Miño et 
al. 2011).  Water hyacinth has been identified as the main macrophyte associated with the 
high nutrient contamination of the river due to plant debris sedimentation (Salas and 
Martino 1988). Corrective measures were applied recently to mitigate the eutrophication 
of the water through the mechanical harvesting of the weed (Gavilán 2018). After 
removal, the plant biomass could serve as a feedstock for the generation of valuable 
products, which would potentially contribute to the sustainability of environmental 
protection practices by reducing the costs associated with weed management, a key factor 
in developing countries.  
The biomethanation of water hyacinth from contaminated rivers in developing 




accumulated in the biomass can be digested or immobilized during anaerobic digestion 
while generating bioenergy. Water hyacinth has phytoremediation properties targeting 
heavy metals, and organic and inorganic compounds such as sulfates, phosphates, 
nitrates, nitrites, ammonia, phenols, and formaldehyde (Wolverton and McKown 1976; 
Mahmood et al. 2010; Moyo et al. 2013; Gong et al. 2018; Ting et al. 2018; Melignani 
2019; Shirinpur-valadi et al. 2019). Cultivation of water hyacinth in contaminated waters 
and subsequent harvesting of the biomass increased DO, and decreased total dissolved 
solids (TDS), chemical oxygen demand (COD), biological oxygen demand (BOD), 
phosphorous, and nitrogen in the water (Saha et al. 2017; Edwige et al. 2018; Sekar and 
Ansari 2018; Zhang et al. 2019). Anaerobic digestion could be a sustainable process for 
the treatment of water hyacinth after phytoremediation of contaminated waters. Many 
xenobiotics including monoaromatic and polyaromatic substances with or without chloro 
substitutes can be degraded or dechlorinated by anaerobic mixed cultures (Gallert and 
Winter 2005). Aquatic plants have also been identified as one of the most promising 
feedstocks for anaerobic digestion due to their high water content and low indigestible 
organic matter (Wellinger et al. 2013). The implementation of this technology in rural 
areas has potential dual benefits for producing renewable energy and treating organic 
wastes (Radu et al. 2017). In addition, biogas could one day be used as fuel for aquatic 
harvesters (Angelidaki et al. 2018).   
The success of integrating the management of water hyacinth using physical 
removal and biomethanation methods require understanding the impact of the up-taken 
compounds on the bioconversion process. Monitoring chlorophyll levels helps to estimate 




macrophyte bioproductivity, which are necessary for phytoremediation proficiency  
(Lage-pinto et al. 2008; Pavlović et al. 2014; Gong et al. 2018). Progressive drought and 
nutrient stress decreased chlorophyll content in water hyacinth and consequently 
compromised the photosynthetic activity of the plants (Venter et al. 2017).  TDS are 
organic solutes and salt ions that can act as stress agents for water hyacinth and be 
detrimental for anaerobic digestion when they accumulate in the plant biomass.  Within 
six days, water hyacinth is able to remove up to 55% of TDS from waters containing 
4500 mg/L TDS (Sekar and Ansari 2018). However, high concentrations of chloride salts 
(i.e. 4-10g/L) in feedstock for anaerobic digestion have an inhibitory effect on 
biomethane production (Mccarty and Mckinney 1961; Feijoo and Soto 1995).  Reports of 
the effect of TDS on water hyacinth growth are variable. When plants were cultivated in 
high TDS waters (i.e. sewage), larger leaves were observed than when cultivated in 
distilled, tap, and lake waters (Daddy et al. 2002). In contrast, other authors (Sekar and 
Ansari 2018) reported a reduction in plant size and chlorophyll production due to high 
TDS. 
The water quality and composition of the water hyacinth from areas with different 
characteristics need to be accounted for when considering anaerobic digestion as post 
weed management practice. The performance of the bioconversion processes such as 
anaerobic digestion depends on the feedstock composition, which is influenced by growth 
conditions (Angelidaki and Sanders 2004; Agblevor and Pereira 2013). In the Dominican 
Republic, water hyacinth from two sites (La Ciénaga and El Naranjo), with different 
water types, TDS loads, and demographic characteristics within the Ozama river are 




(freshwater) are 1.5 km and 23.14 km north of the Caribbean Sea, respectively. The TDS 
of freshwater like that from El Naranjo is below 1000 ppm, whereas estuaries or brackish 
water like that from La Ciénaga have between 1000 and 35,000 ppm of TDS (Swenson 
and Baldwin 1965). La Ciénaga is a dense low-income area of Santo Domingo city 
characterized by numerous informal settlements on the riverbank while El Naranjo is a 
low populated rural area located in the peripheries of Santo Domingo. The anthropogenic 
contamination at La Ciénaga is higher than at El Naranjo. The Ozama river carries solid 
waste, raw sewage, industrial discharges, and pestilential odor along La Ciénaga 
(Chantada 1991; Edelman 2019). These differences between La Ciénaga and El Naranjo 
could impact the water hyacinth characteristics and biomethanation performance. 
The energy generated through the anaerobic digestion of water hyacinth from 
eutrophic rivers can mitigate the costs associated with weed harvesting, making this 
process more sustainable in developing countries such as the Dominican Republic. In the 
present work, the water quality of the Ozama river at La Ciénaga and El Naranjo were 
evaluated. The physicochemical characteristics including bioproductivity indicators 
(chlorophyll, and density), and the biomethanation kinetics of the water hyacinth from La 
Ciénaga and El Naranjo were compared. Additionally, the energy produced by the 
anaerobic digestion of water hyacinth from the Ozama river was compared to the energy 
required to mechanically harvest the plant from eutrophic rivers. 
2.3 Materials and methods 
Study Sites and Water Quality 
Samples of water hyacinth were collected from two sites: El Naranjo 




Ozama River (Appendix A). The sampling sites were 21.64 km apart along the river. The 
water type at El Naranjo is freshwater, whereas the water at La Ciénaga is brackish. The 
water quality (temperature, pH, DO, salinity, nitrates, and TDS) were measured in situ 
during harvesting using YSI DSSPro (YSI Incorporated, Yellow Springs OH, USA). 
TDS and nitrate measurements were repeated the following year after harvesting. 
Because only one site per water type was sampled, caution must be used when 
interpreting the data. 
Biomass Harvesting and Preparation  
About 10 kg of freshwater hyacinth biomass was manually harvested from each 
site and knives were used to discard the roots. The leafy biomass was washed with tap 
water, ground using Power Pro 2 Model FP 1510 (Black and Decker, Towson, MD, 
USA), and placed on shelves to dry at ambient conditions for 3 weeks at the Specialized 
Institute of Higher Studies Loyola (San Cristobal, Dominican Republic).   The air-dried 
ground biomass was stored and shipped to Utah State University.  The rest of the 
preparation was conducted as described by ASTM E 1757-01. The biomass was milled 
with a Thomas-Wiley Laboratory Mill Model 4 (Thomas Scientific, Swedesboro, NJ, 
USA) equipped with a 2 mm mesh. Ro-Tap model E test shaker (W.S. Tyler, Mentor, 
OH, USA) was used for sieving. 
Photosynthetic Pigments 
For the determination of chlorophyll-a (Ca) and chlorophyll-b (Cb), 0.5 g of 
prepared biomass was placed in test tubes with 80% acetone (10 mL) and vortexed for 5 
min. The absorbance of the supernatant was taken at 470, 646, and 663 nm using a 




Pigment content was calculated using  Lichtenthaler (1987) equations. Based on 
previous research, chlorophyll content measurements using air-dried biomass do not 
differ from those using fresh biomass (Roshanak et al. 2016). The procedure was 
conducted in triplicates for each biomass type. 
Density 
Bulk volume (VB) of air-dried biomass (180 μm-850 μm) was determined using 
three graduated cylinders according to the methods outlined by Mani et al. (2008). The 
biomass was poured to the containers from a 300 mm height measured from the bottom 
of the container. The procedure was conducted four times for each biomass type.  
Proximate Analysis  
The analyses were conducted in triplicate using a TGA-Q500 (TA Instruments, 
New Castle, DE, USA) according to previous works (García et al. 2013; de Jong and Van 
Ommen 2015). The alumina pan containing 20 mg of biomass was heated at a rate of 10 
°C/min to reach a maximum temperature of 800 °C. Nitrogen at flow rates of 40 mL/min 
and 60 mL/min was used as reference gas, and inert gas, respectively. At 600 °C, the 
carrier gas was changed to air instead of nitrogen, at the same flow rate (60 mL/min) to 
allow fixed carbon combustion.  
Equations 2-1 to 2-3 were used for the determination of volatile solids (VS), fixed 
carbon (FC), and total ash content (ASH). 
%VS = ((𝑊𝑇=190°𝐶 − 𝑊𝑇=550°) ∗ 100%)/𝑊𝑇=190°𝐶      (Eq. 2-1)   
%FC = ((𝑊𝑇=600°𝐶 − 𝑊𝑇=700°) ∗ 100%)/𝑊𝑇=190°𝐶      (Eq. 2-2)   





The organic elemental analysis (CHNSO) was conducted using FLASH 2000 
Organic Elemental Analyzer (Thermo Fisher Scientific, Waltham, MA, USA). The 
oxygen content was calculated as the residual mass after accounting for CHNS and ash 
content. The experiment was performed with four replicates per site.  
Summative Analysis  
The moisture content was determined using the IR-60 infrared moisture analyzer 
(Denver Instruments, Bohemia, NY, USA) as described in ASTM E-1756-08, Test 
Method B. The total extractives were determined via sequential extraction using 
ethanol/toluene mixture (1:2), 95% ethanol, and deionized water. For the extractions, 
ASTM E1690-08 was followed and the BUCHI 011 rotavapor equipped with a BUCHI 
461 water bath used (BUCHI AG, Fawil, Switzerland).  The ash content was determined 
using a Thermo Scientific Lindberg/Blue M furnace (Thermo Fisher Scientific, Waltham, 
MA, USA), following ASTM E 1755-01. The non-extractable ash was the inorganic 
material in the biomass after extractives removal. The extractable ash was the difference 
between the total ash on a whole dry basis and the non-extractable ash. The protein 
content was estimated using the nitrogen conversion factor (NF = 6.25).  
The carbohydrates and acid-insoluble lignin were determined in six replicates 
following ASTM E 1758-01 and in triplicate using ASTM E1721 methods, respectively. 
For lignin combustion, 475°C instead of 575°C was used, for a 20h period.   The 
monosaccharides were measured using LC-10AT, equipped with a RID-10A (Shimadzu 
Corp., Kyoto, Japan). The sample was injected at 0.40 mL/min and passed through a BP-




Monosaccharides were determined for six replicates per site. Cellulose was calculated 
from glucose, assuming that 90% of the monomer came from the digested polymer and 
10% from hemicellulose (Deka et al. 2018). The rest of the sugar monomers derived from 
hemicellulose.  
Extractable Salts 
To assess the type of chloride salts accumulated in the biomass, the water 
hyacinth extractives were analyzed with a FEI Quanta FEG 650 Scanning Electron 
Microscopy (SEM) (FEI Company Oregon, USA). The instrument was equipped with an 
Oxford energy dispersive X-ray spectrometer (EDS) with X-Max detector (Oxford 
Instruments, Abingdon, UK).  
Inorganic Elemental Analysis 
For the total inorganic elemental composition, 2.0 g of water hyacinth ash from 
each site was acid digested according to EPA 3050 and analyzed using ICP-AES by Utah 
State University Analytical lab (USUAL), Logan, UT, USA. The results of the duplicate 
samples were reported on dry ash basis.  
Anaerobic Digestion 
The biochemical methane potential (BMP) of water hyacinth was determined 
following the guidelines in Holliger et al. (2016). The inoculum used was mesophilic 
anaerobic sludge from North Davis Sewer District (Syracuse, UT, USA), provided by the 
Plant Superintendent, Mr. Myron Bachman, in March 2019. The sludge had 2.3 ± 0.08 % 
total solids, 62.4 ± 1.9 VS% (1.4 ± 1.12% VS on a dry basis), and pH 7.8 ± 0.07.  The 
standard anaerobic medium was prepared as reported by Angelidaki et al. (2009) but 




nutrients on the feedstock or inoculum, anaerobic media was added to the reactors. The 
biodegradation reactions took place in 200 mL amber serum bottles containing 1.2 g of 
water hyacinth mixed with 50 mL of anaerobic medium and 50 mL of sludge. The 
negative control contained the anaerobic medium and sludge without the biomass. The 
experimental units had 2.365% total solids and the feed to inoculum ratio (F/I) was 1.0. 
The triplicated samples and negative control had 1.445 g and 0.725 g of total VS, 
respectively. The bottles were incubated inside a reciprocal shaking water bath, Precision 
Model 50 (American Laboratory Trading, East Lyme, CT, USA) at 38.0 ± 1.0 °C.  
The original assay (Group 1) was reproduced (Group 2) in duplicate for both 
water hyacinth types using the residual anaerobic sludge from Group 1 as inoculum.  
Gas Measurement 
The produced gas was measured via volume displacement using a lubricated glass 
syringe every 48 h-72 h and analyzed using an Agilent 490 Micro (Group 1) and Agilent 
7890B (Group 2) Gas Chromatographs (Agilent Technologies, Santa Clara, CA, USA). 
The measured volume (V) was converted to normal volume (V0) through Eq. 2-4, where 
T0  = 273.15 K and P0 = 101,325 Pa. The barometric pressure (P) and temperature (T) 
during the gas measurements were 86,400 ± 6.6 Pa and 294.3 ± 0.4 K, on average.  
The accumulated methane volume was reported per mass of VS added to the 
systems. The normalized volume of methane produced by the negative control, which is 
the inoculum without VS added, was subtracted from all the experimental units to 
eliminate the methane due to inoculum substrate residues. When using the present 




N.L CH4/Kg VS added, which is 95.4% of the theoretical value (i.e. 414 N.L CH4/Kg 
VS). 
𝑉0  =  𝑉 ∗ 𝑃 ∗ 𝑇0 𝑃0 ∗ 𝑇⁄    (Eq. 2-4) 
Modified Gompertz Equation 
The modified Gompertz model for the batch anaerobic digestion assumes that 
methane production follows the microbial growth pattern, and is appropriate for batch 
systems (Kafle and Chen 2016). In the model (Eq. 2-5), W [N.L CH4/kg VS added] is the 
accumulated methane produced as a function of time, A [N. L CH4/kg VS added] is the 
maximum methane produced, Kz [N. L CH4/Kg VS added * day] is the absolute growth 
rate, and Tlag [days] is the lag time.  The doubling time (Td) was calculated from the 
model. The W (t) curves of each replicate were fitted using the data analysis add on 
“Solver” in Microsoft Excel 2010. 
W(t)  =  A ∗ EXP (−EXP ( (e ∗ kz A⁄ ) ∗ (Tlag − t) + 1))   (Eq. 2-5) 
Energy Assessment 
The operational characteristics associated with harvesting water hyacinth were 
calculated from previous studies with harvesting rates up to 9.3 t/h, (Bryant 1969). 
However, rates up to 34.55 t/h have been recorded for mixed aquatic plants using similar 
equipment (Smith 1984). The operative costs considered in this study were due to diesel 
fuel consumption (10- 15 L/h) of aquatic harvesters with middle load capacity, i.e. 2.5 
t/load (Julong 2018).  Eq. 2-6 and Eq. 2-7 were used to estimate the energy consumed (Ec 
[MJ/t biomass]) in harvesting and energy produced (Ep [MJ/t biomass]) from anaerobic 
digestion of fresh biomass. FC [L/h] is the fuel consumption per machine operation time, 




heating values (HHV) are 38.6 MJ/L diesel and 0.0398 MJ/L CH4. BMP [L CH4/Kg VS] 
is expressed on a fresh biomass basis under the assumption that the water content of the 
harvested biomass is 91% (Akendo et al. 2008). The BMP value is the models’ mean on 
the anaerobic digestion of water hyacinth from the Ozama river. 
𝐸𝑐  =  (𝐹𝐶 𝐻𝑅⁄ ) ∗ 𝐻𝐻𝑉𝑓𝑢𝑒𝑙    (Eq. 2-6) 
𝐸𝑝  =  𝐵𝑀𝑃 ∗ (1000𝑘𝑔/𝑡) ∗ (𝑉𝑆/100) ∗ (𝑇𝑆/100) ∗ 𝐻𝐻𝑉𝐶𝐻4   (Eq. 2-7) 
Statistical Analysis 
The comparison between the characteristics (photosynthetic pigments, density, 
extractable salts, proximate analysis, ultimate analysis, inorganic element, and summative 
analysis) of water hyacinth from La Ciénaga and El Naranjo, and the methane percentage 
in the produced biogas (%CH4) were made using the Welch's unpaired t-test 
(www.graphpad.com). The two populations were assumed to be independent, normally 
distributed and unequal variances.  The variability of the data was reported as the 
standard deviation of the mean (mean ± SD).  
The kinetics from the fitted modified Gompertz model was compared using 
analysis of variance (ANOVA) in R Studio (version 3.6.1). The factors and levels 
considered for the analysis were: i) water source (El Naranjo, La Ciénaga) as treatment 
factor and ii) Group (1, 2) as a blocking factor. The responses analyzed in ANOVA were 
the kinetic parameters (A, Kd, Tlag, Td).  
2.4 Results  
Water Quality 
At the time of harvesting, the water temperature and pH at El Naranjo 




The salinity was 0.09 ppT and 1.23 ppT at El Naranjo and La Ciénaga, respectively.  DO 
in El Naranjo was 2.50 mg/L and1.37 mg/L at La Ciénaga. The nitrate content in La 
Ciénaga ranged from 11.76 to 17.33 mg/L NO3-, and from 2.6 to 4.5 mg/L NO3- in El 
Naranjo one year between harvestings. Similarly, the TDS was between 122 mg/L and 
640 mg/L in El Naranjo, and between 1550 mg/L and 3028 mg/L in La Ciénaga. 
Photosynthetic Pigments 
The chlorophyll-a (Ca) and chlorophyll-b (Cb) contents in water hyacinth from El 
Naranjo was 0.48 ± 0.01 mg Ca /g and 0.68 ± 0.02 mg Cb /g (1.16 ± 0.02 mg Ca+b /g), 
while those from La Ciénaga were 0.46 ± 0.01 mg Ca/g and 0.89 ± 0.03 mg Cb/g (1.35 ± 
0.04 mg/g Ca+b). The chlorophyll a/b ratios were 0.5 and 0.7 for the water hyacinth from 
La Ciénaga and El Naranjo, respectively. The total chlorophyll (Ca+b) was higher (p = 
0.018) in the biomass from La Ciénaga due to a higher (p = 0.002) chlorophyll-b content.  
However, the chlorophyll a/b ratio was lower (p = 0.008) in the water hyacinth from La 
Ciénaga than in that from El Naranjo. 
Density 
The bulk density of the biomass from La Ciénaga (0.219 ± 0.03 g/L) was higher 
(p = 0.004) than that from El Naranjo (0.114 ± 0.003 g/L). 
Proximate Analysis  
The values of proximate analysis of water hyacinth (VS, FC, ASH) showed no 
difference (p > 0.057; Table 2-1) between La Ciénaga and El Naranjo. The water 
hyacinth from the Ozama river had 57.9% to 60.6 % VS, 19.3% to 20.5% FC, and around 





Table 2-1 Mean ± SD values of proximate and ultimate analyses, and composition of 







Proximate Analysis  
(% w/w) 
Volatile Solids (VS) 59.9 ± 0.7a 58.4 ± 0.5a 
Fixed Carbon (FC) 19.9 ± 0.2a 19.9 ± 0.6a 
Total Ash 1 (ASH)  20.3 ± 0.6a 21.7 ± 0.1a 
Ultimate Analysis  
(% w/w) 
C 38.5 ± 1.0a 39.4 ± 0.4a 
H 3.9 ± 0.2a 4.0 ± 0.2a 
N 1.8 ± 0.2a 3.7 ± 0.1b 
O 35.6 ± 2.0a 31.3± 0.8b 
C/N 21.4 10.5 
Composition  
(% w/w) 
Cellulose 24.5 ± 1.2a 19.5 ± 0.5b 
Hemicellulose 16.8 ± 1.5a 12.6 ±  1.2b 
Lignin 4.0 ± 0.1a 3.6 ± 0.1b 
Ash2 10.5 ± 0.1a 8.1 ± 0.2b 
Protein 9.8 ± 0.7a 18.8 ± 1.9b 
Extractives 17.3 ± 0.2a 26.4 ± 0.1b 
Ash: 1 Determined from total biomass; 2 is the non-extractable ash, determined after 
extractives removal. 
a,b Different letters within each row indicate a significant difference between sites for  














Fig. 2-1 SEM-EDX images of Na, Cl, K, and Mg in ethanol 
extractives of water hyacinth from a) La Ciénaga (brackish water) 





Ultimate Analysis (CHNSO)  
There was no difference (p > 0.1840; Table 2-1) in the carbon, hydrogen, and 
sulfur content of the water hyacinth from La Ciénaga and El Naranjo.  In contrast, the 
nitrogen and oxygen contents in the biomass from the two sites were different (p < 
0.0001, and p = 0.03, respectively). The sulfur content for all samples was below the 
detection limit (i.e 100 ppm).  
Summative Analysis  
The percentages of structural components in the biomass from El Naranjo (45.3 ± 
2.38 % w/w) was higher (p = 0.03) than that from La Ciénaga (34.7 ± 5.3% w/w). The 
amounts of protein and extractives in the biomass from La Ciénaga were higher (p = 
0.02, and p = 0.002, respectively; Table 2-1) than those from El Naranjo. Similarly, the 
extractable ash in the biomass from La Ciénaga (13.6 ± 0.3 % w/w) was higher (p = 0.01) 
than in that from El Naranjo (9.8 ± 0.7% w/w).   
The amount of holocellulose in the water hyacinth from El Naranjo (41.3 ± 1.18% 
w/w) was higher (p = 0.046, Table 2-1) than in that from La Ciénaga (32.1 ± 1.7 % w/w). 
All the monosaccharides were higher (p < 0.01) in the biomass from El Naranjo 
compared to that from La Ciénaga. However, the percentage of pentoses within the total 
monosaccharide content was not different (p = 0.31) between the water hyacinth from El 
Naranjo (28.6 ± 2.2%) and La Ciénaga (27.3 ± 2.0 %).  The main monosaccharides in La 
Ciénaga and El Naranjo’s water hyacinth were glucose (21.6 ± 0.5 % and 27.0 ± 1.4 %), 
arabinose (5.3 ± 0.2 % and 7.5 ± 0.5 %), xylose (3.5 ± 0.5 % and 4.3 ± 0.4 %), and 




limit. The content of acid-insoluble lignin in the water hyacinth from El Naranjo was 
higher (p = 0.03, Table 2-1) than in that from La Ciénaga.  
Extractable Salts 
The salt clusters in the extractives from La Ciénaga were larger than in those from 
El Naranjo (Fig. 2-1).  The map sum spectrum for the salt ions in the biomass from the 
water at La Ciénaga was 18.6 ± 0.1 wt % Cl, 9.7 ± 0.1 wt% K, 4.1 ± 0.0  wt% Na, and 
1.4 ± 0.0 wt% Mg; and from El Naranjo was 6.6 ± 0.1 wt % Cl, 1.7 ± 0.0 wt% Mg,  1.1± 
0.0 wt% Na, and 0.7 ± 0.1 wt% K. The total chloride ion (wt %) in the extractives from 
La Ciénaga (33.8 ± 0.2 wt %) water hyacinth was higher (p = 0.001) than that from El 
Naranjo (10.7 ± 0.2 wt %).   The results suggest that the main extractable salts from La 
Ciénaga and El Naranjo biomass were KCl, and MgCl2, respectively. However, the 
spectrum for Mg (Fig. 2-1) shows that most of the element was not tied to Cl, which 
indicates that the element might be present as Mg+2 or MgCO3. 
Inorganic Elemental Analysis  
The total content of Na and Mg in the water hyacinth from La Ciénaga is higher 
(p < 0.013, Table 2-2) than that from El Naranjo. Similarly, phosphorus in water hyacinth 
from La Ciénaga was twice (p = 0.009) that from El Naranjo. However, the biomass from 
El Naranjo had higher (p < 0.02) content of metals (i.e. Fe, Al, Co, As, Cr, Co) than that 







Table 2-2 Inorganic elements in water hyacinth from Ozama river. The values are on a 









Ca 11.3 ± 0.6a 7.2 ± 0.5b 
K 17.9 ± 2.0a 21.9 ± 1.1a  
Mg 1.3 ± 0.1a 3.1 ± 0.2b 
P 0.9 ± 0.06a 3.1 ± 0.3b 
S 0.3 ± 0.09a 1.0 ± 0.04b 
Micronutrients 
(% w/w) 
Fe 1.2 ± 0.04a 0.2 ± 0.02b 
Mn 0.3 ± 0.01a 0.2 ± 0.01b 
Al 1.73 ± 0.06a 0.18 ± 0.01b 
Na 0.65 ± 0.2a 2.2 ± 0.03b 
Si 1.3 ± 0.3a 0.79 ± 0.04a 
Trace Minerals  
(mg/Kg) 
Cu 54.3  ± 5.2a 41.0  ± 2.6a 
Ni 37.8 ± 19.1a 23.9 ± 12.7b   
Mo 5.5 ± 3.0a 2.8 ± 1.0a 
Co 7.6 ± 0.1a 2.2 ± 0.04b 
Zn 114.3 ± 7.5a   142.5 ± 22.0a    
As 1.9 ± 0.03a   0.19 ± 0.2b 
Cd 0.4  ± 0.1a < 0.05a 
 Cr 26.1 ± 0.1a 7.3 ± 0.3b 
a,b Different letters within each row indicate a significant difference between sites for  





Fig. 2-2 Biochemical methane potential of water hyacinth from La Ciénaga (brackish 
waters) and El Naranjo (fresh water) within Ozama River, Dominican Republic: a) 
Methane production curves and the fitted modified Gompertz models, and b) Percentage 





The methane yield from the water hyacinth at La Ciénaga (452.2 ± 51.5 N. L 
CH4/Kg VS added) was higher (p = 0.044; Fig. 2-2a) and El Naranjo (387.2 ± 10.9 N. L 
CH4/Kg VS added). Similarly, the methane production rate (Kz) of water hyacinth from 
La Ciénaga was higher (p = 0.0004, Table 2-3) than that from El Naranjo.  However, 
there was no difference (p = 0.134, Table 2-3) between the estimated maximum methane 
potential (A) of the biomass from both sites (399.2 ± 32.2 N. L CH4/Kg VS added). In 
general, the estimated lag phase of the anaerobic digestion from the Ozama river biomass 
was below 1 day (Table 2-3).  The doubling time (Td) was two times higher for the 
anaerobic digestion of water hyacinth from El Naranjo than that from La Ciénaga.  
During the first 10 days of digestion, the CH4 in Group 2 (68.2 ± 4.1% CH4), 
which was set up using adapted inoculum, was higher (p =0.0001) than in Group 1 (40.0 
± 14.9% CH4). After 10 days of digestion, the % CH4 was higher (p = 0.0001, Fig. 2-2b) 
for the water hyacinth from la Ciénaga (67.0 ± 2.5 % CH4) than for El Naranjo (61.9 ± 
4.7% CH4).   
Energy Assessment  
The amount of energy (MJ/t fresh biomass) produced via anaerobic digestion of 
water hyacinth from the Ozama river was more than 10 times that required for harvesting 
(Table 2-4).  
 
2.5 Discussion 
Eutrophication of the Ozama River 
Dissolved oxygen, phosphorus, and total nitrogen are the most effective 




estuaries (Wang et al. 2019).  The nitrate content at La Ciénaga was three times higher 
than at El Naranjo during harvesting and a year after.  Also, water hyacinth from La 
Ciénaga (Table 2-2) contained higher phosphorus than the water hyacinth from El 
Naranjo, which suggests higher available phosphorus in La Ciénaga water. Thus, the 
water from La Ciénaga is more eutrophic than the water from El Naranjo, which might be 
due to the anthropogenic activities surrounding that site.  Similarly, the higher heavy 
metal content in the water hyacinth from El Naranjo (Table 2-2) suggests a higher 
content of metals in the water that is attributed to the salinity barrier that is present near 
the site (Parayil et al. 2006).  
 
 
Table 2-3  Kinetic parameters from the modified Gompertz model for the biomethanation 
of water hyacinth from the Ozama river. 
Parameters 1 




A [N. L CH4/Kg VS added] 408.5 389.8 
Kz [N. L CH4/Kg VS added · day] 22.5 10.0 
Tlag  [day] 0 0.0 
Td [day] 9.1 19.5 
RMSE [N. L CH4/Kg VS added] 4.6 4.03 
R2 0.886 0.901 
1 A is the maximum methane produced, Kz is the absolute growth rate, Tlag is the 
lag time, and Td is the doubling time.  RMSE is the root mean square error, and R2 





Table 2-4 Estimated energy consumed in the mechanical harvesting, and energy 
produced by the anaerobic digestion of water hyacinth. 
  Parameters 1 Value 
Energy              
(MJ/t biomass) 
Consumption 
FC [L/h] 15 
Ec =  57.9 HR [t biomass/h] 10 
HHV Diesel [MJ/L] 38.6 
Production 
BMP Mean [L CH4/kg VS] 399.2 
Ep = 846.5 HHV Methane [MJ/L] 0.0398 
 VS Mean [%] 59.2 
1 FC is the fuel consumption per machine operation time, HR is the harvesting rate, 
and BMP is the average methane yield. 
 
 
Chemical Composition of Water Hyacinth 
Results from the organic elemental analysis of water hyacinth from the Ozama 
river are comparable to those from previous studies on tropical water bodies with similar 
water conditions. For instance, the organic elemental composition of water hyacinth from 
Indian fresh eutrophic waterbodies was 40.3% carbon, 34.0% oxygen, 1.51% nitrogen, 
4.6% hydrogen, and non-detected sulfur  (Vaz 2016). Similarly, the monosaccharides 
content is in concordance with previous works in water hyacinth (Ahn et al. 2012; Xia et 
al. 2013; Cheng and Zhong 2014), where arabinose was the dominant hemicellulose 
monomer. However, our results differ from most herbaceous biomass feedstocks and 
from the water hyacinth found in other tropical regions where xylose has been reported as 




The higher amount of lignocellulose in the biomass from El Naranjo (freshwater) 
than that from La Ciénaga (brackish water) is related to the salinity content in the 
biomass. The larger salt clusters in the extractives (Fig. 2-1) and the higher Na content 
(Table 2-2) in the water hyacinth from La Ciénaga suggest higher salt content in the 
biomass.  The increase of water salinity during plant irrigation decreases the content of 
lignocellulosic components in Salicornia sp (Cybulska et al. 2014). Also, the higher 
amount of nitrogen available during growth is related to lower cellulose content in plants  
(Etter 1972). The protein content in biomass from La Ciénaga is almost two times higher 
than in biomass from El Naranjo due to the higher content of nitrogen available in the 
more eutrophic waters.  
Productivity Indicators 
The indicators of productivity (e.g., photosynthetic activity, density) in water 
hyacinth did not suggest lower performance in the growth of the species from brackish 
waters. The photosynthetic activity (i.e. Chlorophyll levels) of water hyacinth was not 
compromised because of accumulated NaCl and KCl ions (Fig. 2-1) after growing in 
water containing TDS levels up to 3,000 mg/L.  The amount of total chlorophyll was 
15% higher in the biomass from brackish than in that from freshwaters. The value of 
chlorophyll a/b ratio for the water hyacinth from both sites was very low, which indicates 
that the specimens from El Naranjo and La Ciénaga exposed and adapted to low light 
environments (Givnish 1988). Thus, the concentration of TDS in the biomass did not 
affect the survival mechanism of the species. Similarly, biomass from the brackish waters 
showed greater bulk density than that from freshwaters, resulting in higher biomass yield 




degradation performance (Wang et al. 2016).  The suggested higher performance in the 
productivity of water hyacinth from the brackish water at La Ciénaga could be due to the 
higher eutrophication compared to the freshwater.  
Biomethanation of Water Hyacinth 
The higher salt content in the biomass when compared to that from El Naranjo did 
not compromise anaerobic digestion of water hyacinth from La Ciénaga.  Studies have 
shown that low levels of NaCl promote the hydrolysis and acidification steps of 
anaerobic digestion, but inhibit the methanogens (Zhao et al. 2017). The Gompertz model 
for the anaerobic digestion of water hyacinth from La Ciénaga estimated a biomethane 
potential that was not significantly different from that from El Naranjo, but the 
production rate was higher. Similarly, the methane yield of water hyacinth from La 
Ciénaga was higher and the stationary phase was reached sooner than that from El 
Naranjo (Fig. 2-2a). Thus, water hyacinth from La Ciénaga brackish water was as 
effective as or superior to that from El Naranjo freshwater.  
During the first 10 days of digestion, the methane percentage in the biogas was 
higher when adapted anaerobic sludge was used as inoculum.  After 10 days, the 
percentage of methane in the biogas from La Ciénaga biomass was higher than that from 
El Naranjo. The higher methane in the biogas from La Ciénaga water hyacinth can be 
attributed to the buffering capacity of high nitrogen levels in the biomass.  The higher 
biomethanation rate of water hyacinth from La Ciénaga can be attributed to the low 
content of structural components in this biomass compared to that from El Naranjo since 




Potential Inhibitions from Feedstock 
The high nitrogen content of water hyacinth from the Ozama river can have 
beneficial or inhibitory effects on anaerobic digestion. When nitrogen is converted into 
ammonia, it acts as an alkaline agent that neutralizes the volatile acids produced by 
fermentative bacteria and hence reduces inhibition of methanogens. However, excessive 
ammonia can be toxic to the microbial community when enough acid is not produced to 
neutralize it.  The recommended C/N ratio in feedstocks for steady anaerobic digestion is 
between 10 and 45 in the hydrolysis step and between 20 to 30 during methanogenesis 
(Wellinger et al. 2013). However, water hyacinth from La Ciénaga had a theoretical 
methanogenic hindrance (i.e. C/N 10.5) that was not observed in our study.  This could 
be explained by the higher content of phosphorus in the water hyacinth (Table 2-2). Gil et 
al. (2019) reported that the highest proportion of methane in the biogas occurred when 
both nitrogen and phosphorus in the feedstock were high. 
Phosphates or precipitates of cations such as magnesium and calcium also 
contribute to the buffer capacity of anaerobic digestion (de Jong and Van Ommen 2015).  
However, calcium might also act as a microbiological inhibitor when present in quantities 
higher than 2.5 g/L (Ahn et al. 2006). The sulfur in biomass for biochemical conversion 
processes is unfavorable. The inorganic content of sulfur in the ash of water hyacinth 
from the Ozama river ranged from 0.28% to 1.00% on dry biomass basis.  Concentrations 
of sulfur over 9 mM have an inhibition effect on the degradation of cellulose in the 
hydrolysis step (Khan and Trottier 1978). Also, sulfur in the form of sulfate is chosen as 




reduction to H2S, which is detrimental to human health and to the environment (de Jong 
and Van Ommen 2015).  
Some of the micronutrients that are essential for the growth of anaerobes are Ni, 
Co, Mo, Fe, and Se for methanogens, and Zn, Cu, and Mn for hydrolytic bacteria. 
However, certain heavy metals have negative effect on anaerobic digestion when their 
concentrations exceeded 40 mg/L Cu, 20mg/L Cd, 150mg/L Zn, 10mg/L Ni,  340mg/L 
Pb, and 100 mg/L  Cr (Wellinger et al. 2013). Water hyacinth from El Naranjo has higher 
heavy metal content than that from La Ciénaga (Table 2-2). This might explain the higher 
doubling time on the anaerobic digestion of El Naranjo.  The micronutrients and heavy 
metals in water hyacinth need to be accounted for in the design of bioconversion 
processes to minimize the negative effect that some elements might cause to the system 
performance. 
Energy Assessment 
The estimated amount of energy required for mechanical harvesting water 
hyacinth was less than 7% of the produced energy due to methane. However, energy 
requirements for processing and pre-treating the water hyacinth prior to anaerobic 
digestion, and to maintain the temperature of the digester have not been considered. 
Large scale studies using unprocessed instead of ground biomass, cow manure instead of 
supplemented anaerobic sludge, and the lowest instead of the highest end of mesophilic 
temperature range are required to accurately access the revenue from this post weed 
management practice. For the scale-up of the technology, several modifications of the 
current process will have to be done for cost-effectiveness, including inoculum selection 




for biogas upgrading offer great potential, high feasibility, and low operational difficulty, 
which are important to reduce downstream processing costs (Angelidaki et al. 2018). 
Biogas upgrading for the use of methane as a transportation fuel in the harvesting 
equipment could be the next step for a sustainable weed management cycle in eutrophic 
rivers.  
2.6 Conclusion 
The anaerobic digestion of residual water hyacinth harvested from eutrophic 
rivers contributes to the sustainability of the weed management practices conducted by 
environmental agencies in developing countries. The modified Gompertz model 
estimated a biochemical methane potential of 399.2 ± 32.2 N. L CH4/Kg VS added for 
water hyacinth from the Ozama river. The methane production rate when digesting the 
water hyacinth from brackish water doubled that from freshwater. The doubling time for 
the anaerobic digestion of freshwater was twice that from brackish waters. The lower 
performance of freshwater hyacinth during anaerobic digestion is related to its higher 
content of recalcitrant lignocellulose. The differences in the characteristics of the water 
hyacinth from both water types were linked to the nutrients in the water source. The 
brackish water was more eutrophic than that from freshwater. The water hyacinth 
collected from the Ozama river, to mitigate the effect of the macrophyte debris on the 
water bodies, could be anaerobically digested to produce more than 10 times the energy 





EFFECT OF HIGH FEED TO INOCULUM RATIO (F/I) AND TEMPERATURE 
ON THE BIOMETHANATION KINETICS OF WATER HYACINTH 
3.1 Abstract 
During the anaerobic digestion of the invasive water hyacinth (Pontederia 
crassipes Mart), the optimization of critical process parameters (e.g. feed to inoculum 
ratio (F/I), temperature, supplementation, and inoculum acclimatization) is important for 
large scale applications. In the present work, water hyacinth was anaerobically digested 
at different F/I (1.0, 5.0, 10.0, and 30.0), mesophilic temperatures (30°C, and 40°C), and 
supplementation settings using non-acclimatized and acclimatized inoculum to determine 
the process’ optimal conditions through kinetics and energy analyses. The F/I ratio had a 
directly proportional effect on the methane yield [N.mL·CH4/g·VS], which ranged from 
416.8 ± 6.2 (F/I = 1.0) to 263.8 ± 26.9 (F/I = 30.0). The methane production rate 
[N.mL·CH4/g·VS·day] was highest at 40°C (9.0 ± 0.8) and lowest at F/I = 30 (5.6 ± 2.8). 
The biomethanation of water hyacinth followed the modified Gompertz and Chen and 
Hashimoto models when using the non-acclimatized and acclimatized inoculum, 
respectively.  A 30-day pseudo lag phase was observed at the highest F/I (30) and low 
temperature (30°C), but was negligible at higher temperature (40°C). For a 5.0 m3 
biodigestor, the highest estimated net energy occurred at F/I =30 (370.5 ± 22.6 MJ).  The 
doubling times at 40°C (16.9 ± 0.3 days) were lower than at 30°C (49.6 ± 2.5 days).  The 
anaerobic digestion of water hyacinth in batch mode was optimal at higher F/I ratio and 





Using the invasive water hyacinth (Pontederia crassipes Mart) as a feedstock for 
bioconversion processes like anaerobic digestion can mitigate the costs associated with 
weed removal from eutrophic water bodies in developing communities. The energy 
produced during the anaerobic digestion of water hyacinth as a post weed management 
practice can be more than 10 times the energy consumed in mechanical harvesting   
(Castro and Agblevor 2020a). The use of this weed as bioenergy feedstock would not 
only meet the energy needs but also mitigate environmental problems (Chandel et al. 
2020) . Parametric studies on the kinetics and energy balance could contribute to the 
scalability of this bioconversion process. Some of the main factors influencing the 
anaerobic digestion performance at large scale are related to process control (e.g. organic 
loading, temperature) and microbiology (Ward et al. 2008; Holm-Nielsen and 
Oleskowicz-Popiel 2013). However, the studies covering the main effect of these factors 
on the anaerobic digestion do not consider their economic impact at large scale.   
During anaerobic digestion, the increase of organic load compared to the 
inoculum content has been reported to significantly reduce the methane percentage in 
biogas (Raposo et al. 2009; Cheng and Zhong 2014). For various substrates, the optimal 
feed to inoculum ratio (F/I) during anaerobic digestion has been reported to be between 
0.3-1.5 on volatile solids (VS) basis (Braguglia et al. 2006; Zeng et al. 2010; Zhou et al. 
2010; Cheng and Zhong 2014; Rashed et al. 2017; Go and Ko 2018; Li et al. 2018). For 
the anaerobic digestion of water hyacinth, the optimal F/I was 2.0 over 4.0, 1.0, and 0.33 
when using dung cow as inoculum on VS basis, and 0.05 within the  0.04 to 0.16 range 




Studies on anaerobic digestion of water hyacinth addressing an F/I ratio above 5 are 
scarce. Large-scale batch biodigesters operating at low F/I are not practical because most 
of the operating volume would be due to inoculum, and the total methane production per 
batch would be small. Therefore, evaluating the performance and energy implications of 
the anaerobic digestion of the invasive water hyacinth at high F/I is important for large 
scale systems. 
High F/I ratios of water hyacinth from contaminated water could inhibit the 
microbial consortium during anaerobic digestion. For easily degradable substrates, such 
as sugars, the acidogenic reactions are much faster than acetogenic and methanogenic 
ones, leading to the accumulation of VFA, H2, and CO2, and depressed pH (Bagley and 
Brodkorb 1999). Similarly, the use of feedstock with phytoremediation properties 
targeting metals could to substrate inhibition. Water hyacinth is not only capable of up 
taking nutrients but also heavy metals from contaminated waters (Mahmood et al. 2010; 
Moyo et al. 2013; Gong et al. 2018; Ting et al. 2018). The presence of high heavy metals 
in a soluble free form within anaerobic reactors leads to the accumulation of intermediate 
organic compounds and reduction of biogas production  (Oleszkiewicz and Sharma 1990; 
Chen et al. 2007). However, the inhibitory effect of compounds within the anaerobic 
digesters can be minimized by inoculum acclimatization (Toreci et al. 2011; Wojcieszak 
et al. 2017; Yangin-gomec et al. 2018).  Accounting for inoculum acclimatization when 
determining the optimal F/I during the anaerobic digestion of water hyacinth is necessary 
for large-scale applications. 
The use of single waste for anaerobic digestion has been associated to unbalanced 




aluminum and boron stimulate methanogenic activity and are suggested to be added to 
anaerobic digesters to improve the process performance (Azbar et al. 2001; Rabii et al. 
2019). Standard biochemical methane potential includes the addition of not only trace 
minerals but also vitamins to the assays  (Holliger et al. 2016). High performance 
scalability of the anaerobic digestion of the invasive water hyacinth needs to consider the 
need for additional nutrients through co-digestion. The effect of supplement addition on 
the biomethanation of water hyacinth would determine whether this macrophyte can be 
used as feedstock for large scale systems without additional nutrients or co-substrates.  
The energy required for keeping anaerobic digesters under steady temperatures is 
very important for the process’ performance and sustainability. In mesophilic 
biodigesters, the anaerobic consortia operate at 30-40 °C  (Wellinger et al. 2013). When 
assessing the effect of various temperatures (25°C, 37°C, 45°C) on water hyacinth 
biomethanation, the best incubation temperature was 37° C (El Amin and Dirar 1986).  
Similarly, studies on the anaerobic digestion of sludge showed that 38 °C was the optimal 
mesophilic temperature compared to 34°C and 42°C (Moestedt et al. 2017).  However, 
higher temperatures (i.e. 50°C) are linked to higher organic matter degradation of fibrous 
materials,  higher pH, and higher methane yield (Moset et al. 2015). Agro-waste 
digestion at 40°C had a higher cumulative gas yield than those at 25°C, 30°C, and 35°C 
(Uzodinma et al. 2007).   Costs related to operating temperature in anaerobic digestion 
are important for decision-makers during large-scale design. The effect of the lower 
(30°C) and higher (40°C) mesophilic limit range temperatures on the biomethanation 
performance and energy consumption in the anaerobic digestion of water hyacinth need 




Understanding the kinetics of methane production is important for designing and 
evaluating anaerobic digesters. The suitability of kinetic models on anaerobic digestion 
has been studied for different types of reactors, inoculums, and feedstocks (Strömberg et 
al. 2015; Kafle and Chen 2016; Li et al. 2019). The most popular kinetic models used for 
anaerobic digestion batch systems are First-Order, Chen and Hashimoto, and Modified 
Gompertz. The First-Order model provides valuable information about hydrolysis 
kinetics but does not estimate the maximum methane potential and systems failure (Kafle 
and Chen 2016). Chen and Hashimoto model predicts maximum biological activity and is 
reliable on predictions about high solid content anaerobic digestion systems (Fongsatitkul 
et al. 2012). The modified Gompertz model assumes that methane production follows the 
microbial growth pattern, and predicts maximum methane potential, lag time, and 
methane production rate. This model has been effectively applied  (R2 >  0.81)  to batch  
anaerobic digestion of various feedstocks including water hyacinth (Patil et al. 2012; 
Sarto et al. 2019; Castro and Agblevor 2020a).  The use of these three models on the 
biomethanation of feedstock gives a holistic picture of the process kinetics. However, 
studies assessing these kinetic models for the biomethanation of water hyacinth at high 
F/I under various mesophilic temperatures has not been conducted.   
The research goal of this chapter was  to determine the optimal conditions for the 
biomethation of water hyacinth based on kinetics and energy analysis. The main and 
interaction effect of high F/I ratios, mesophilic temperature, media supplementation on 
the kinetics of the water hyacinth biomethanation, and their alteration by inoculum 




kinetics and energy balance between the anaerobic digestion of water hyacinth at 30°C 
and 40°C were covered.   
3.3 Materials and Methods 
Biomass 
Water hyacinth was collected from the eutrophic freshwaters at El Naranjo 
(18°34'27.2"N 69°47'09.9"W) within Ozama River (Santo Domingo, Dominican 
Republic).  Biomass sampling, preparation and composition are detailed in Chapter 1. 
Inoculum  
The microbial consortium was a mixture (1:2) of mesophilic anaerobic sludge 
collected from North Davis Sewer District (Syracuse, UT, USA) and Central Valley 
Water Reclamation Facility (CVWRF) in March 2019.  The anaerobic sludge from 
CVWRF (Salt Lake City, UT, USA) was obtained from the Sustainable Waste to 
Bioproducts Engineering Center (Dr. Ronald Sims, Co-Director) through a joint project 
and with permission of the Plant Manager, Dr. Phil Heck.  
The non-acclimatized sludge had a pH of 8.32, 2.58% TS, and 55% VS. The 
acclimatized inoculum was defined as the residual sludge of the experimental units after 
sieving with a 250 μm mesh to get rid of the undigested water hyacinth.  The 
acclimatized inoculum had pH= 7.97, 0.6 ± 0.05% TS, and 49.6 ± 0.7% VS. The non-
acclimatized and acclimatized sludge was incubated at 40°C for 72 h prior to use. 
Experimental Conditions 
The bio-reactions took place in 160 mL clear serum bottles at 100 mL working 
volume.  For the experimental units inoculated with non-acclimatized sludge, the total 




at 1.0, 5.0, and 10 on VS basis; and supplemented vs non-supplemented anaerobic media.  
The supplemented media is a modification of the media used during standardized 
biochemical methane potential experiments without the addition of resazurin (Angelidaki 
et al. 2009b). The non-supplemented media is the anaerobic media without vitamins and 
minerals. Each experimental unit was run in duplicate.   
The units inoculated with acclimatized sludge resulted in an un-replicated 3 x 2 x 
2 factorial experiment with F/I (5.0, 10.0, and 30.0 on VS basis), non-supplemented 
anaerobic media (Yes/No); and temperature (30°C and 40°C) were considered as factors 
(levels). For these units, the average feed and total solids for the experimental units were 
2.04 ± 0.12 g, and 2.27 ± 0.05%, respectively.  
Biomethane Production 
The produced gas was measured via volume displacement using a lubricated glass 
syringe every 2 to 6 days, and analyzed using an Agilent 7890B Gas Chromatograph 
(Agilent Technologies, Santa Clara, CA, USA). The method used helium as the carrier 
gas, the thermo-conductivity detector (TCD) is heated to 250°C, and the column is kept 
at 25°C. The measured volume (V) was converted to normal volume (V0) using the Ideal 
Gas Law (Eq. 2-4). The volume of the accumulated methane was reported per mass of 
VS added (feedstock) to the experimental units.  
Kinetic Models 
The First-order kinetic parameters for each experimental unit curve were modeled 
using equation (Eq. 3-1), where W [N.mL CH4/g VS feed] is the cumulative methane 
yield at digestion time t, K [day-1] is the first order disintegration rate constant, and WO 




the test. The main kinetic parameters for Chen and Hashimoto model (Eq. 3-2) are ACH, 
KCH, and μm where KCH is the Chen and Hashimoto kinetic constant [dimensionless], and 
μm [day-1] is the maximum specific growth rate of microorganisms.  The Modified 
Gompertz model follows the equation used in Chapter 2 (Eq 3-2), where A [N. mL 
CH4/g VS feed] is the maximum methane produced, Kz [N. L CH4/Kg feed*day] is the 
maximum methane production rate, and Tlag [days] is the minimum time taken for 
bacteria to acclimatize to the environment.  The doubling time (Td) was calculated from 
the model’s estimated A.  
W(t)  =  W0 (1 − e
−K∙t)       (Eq. 3-1) 
W(t)  =  A ∙ EXP (−EXP ((e ∙ kz A⁄ ) ∙ (Tlag − t) + 1))  (Eq. 3-2) 
W(t)  =  A (1 − (KCH (μm ∙ t + KCH − 1)⁄ )    (Eq. 3-3) 
Energy Analysis 
The energy [MJ] produced (Ep) from the biomethanation units and the energy 
required for heating (Q) were calculated using Eq. 3-4, and Eq. 3-5, respectively.  The 
energy analysis will assume a biodigestor with a working capacity of 5 m3 (5000 L), 
which would require different loadings (m) of freshwater hyacinth depending on the F/I 
ratio (See Appendix B). The bulk density and water content of the fresh biomass were 
assumed to be  96 Kg/m3 and 91% (Akendo et al. 2008; Davies and Mohammed 2011). 
The inoculum was assumed to be anaerobic sludge from a wastewater treatment plant, 
with 2.5 % w/v solids and a dry density equal to 560 kg/m3 (O’Kelly 2005). The overall 
heat capacity (Cp) was calculated using Eq. 3-6. The heat capacity of the fresh feedstock 
(Cp F) and dry sludge (Cp S) were assumed to be 1.75 KJ/Kg °C and 1.35 KJ/Kg °C, 




capacity of water (Cp W) is 4.19 KJ/Kg °C. The initial temperature for the digestion was 
set to 20 °C, which is within the range for water hyacinth growth in tropical areas  (Duke 
1983). BMP [L CH4/Kg] is the methane yield expressed on a dry biomass basis.  The 
higher heating value (HHV) of methane is 0.0398 MJ/L. This analysis does not take into 
account the energy consumed in processes like harvesting and milling that are common to 
all the experimental units and are important at large scale. 
Ep  = m ∙  BMP ∙ HHVCH4        (Eq. 3-4) 
Q =  m ∙ cp ∙ ΔT           (Eq. 3-5) 
Cp = (mF m⁄ )Cp F + (m S m⁄ )Cp  S  + (m W m⁄ )Cp W       (Eq. 3-6) 
Statistical Analysis  
All the measurement units were used for the assessment of the effects of F/I, and 
media supplementation. The effect of anaerobic media was determined using all non-
acclimatized and acclimatized experimental units, resulting in three levels for this 
independent variable (no media, non-supplemented media, and supplemented media). A 
subset of the experimental units was analyzed to determine the effect of inoculum 
acclimatization on the biomethanation of water hyacinth without the influence of 
confounding factors. The dataset consisted in the data at F/I equal to 5 and 10 for a total 
of 16 measurement units. Similarly, the effect of temperature was determined using only 
the measurement units that were digested with acclimatized inoculum.  
The data collected from the factorial datasets was analyzed using the function 
‘aov’ in R Studio (version 3.6.1). The differences between levels were determined using 




between values, t test (www.graphpad.com) was used. The populations were assumed to 
be independent, normal distributed, and with equal variances. 
3.4 Results and Discussion 
Media Supplementation 
After 105 days of digesting water hyacinth anaerobically, the methane yield 
[N.mL CH4/g VS] was not statistically different (p = 0.697) when using supplemented 
media (356.4 ± 44.4), non-supplemented media (334.2 ± 48.3), and no media (301.9 ± 
41.5). Also, the methane production rate and lag time between the experimental units 
digested under the studied media conditions were comparable (p > 0.317). These yield 
values [N.mL CH4/g VS] are higher (p = 0.038) than those produced from sugar-rich 
wastes such as cranberry (231± 33), and ice-cream (125 ± 48) when co-digested with 
manure at a F/I below  5 (Lisboa and Lansing 2013). Therefore, water hyacinth from 
eutrophic freshwater contains the minerals and vitamins required for the anaerobic 
consortia to efficiently produce biogas. The essential minerals required for the cultivation 
of methanogens are Fe, Na, Se, Co, Mn, Mo, W, Zn, Ni, B, and Cu, which are present in 
the water hyacinth under study, with the exception of W and Se (Wolfe 2011; Castro and 
Agblevor 2020a). Thus, water hyacinth can be used as feedstock for anaerobic digestion 
without additional supplementation or co-digestion.  
Feed to Inoculum Ratio (F/I) 
The methane yield and production rate for the biomethanation of water hyacinth 
were significantly affected by F/I. The yield [N.mL CH4/g VS] for the anaerobic 
digestion at F/I =1.0 (416.8 ± 6.2) was the highest (p < 0.001, Fig. 3-1) and at F/I =30.0 




However, the methane produced [N.mL CH4/g VS] at F/I =5.0 (336.6 ± 13.2) was not 
quite different (p = 0.09) than that at F/I =10.0 (318.2 ± 9.3). When using acclimatized 
inoculum at 30°C, the methane production rate at F/I = 1.0, F/I=5.0, and F/I=10.0 was 8.4 
± 0.8 N.mL CH4/g VS·day in average, which is higher (p < 0.008) than that at F/I =30.0 
(5.6 ± 2.8 N.mL CH4/g VS·day). The effect of F/I on methane rate has been previously 
reported to be inversely proportional during the biogas production of sheep paunch 
manure at F/I between 0.25 and  0.75 (Lawal et al. 2016). The methane yield from the 
anaerobic digestion of wheat straw at F/I = 4.0 (287.3 N. mL/ g VS) and water hyacinth 
at F/I = 1.0 (262 N. mL/ g VS) were comparable (p > 0.085)  to our results at F/I = 30.0 
(Shah et al. 2019). Even though, the performance of the water hyacinth biomethanation 
seemed to be compromised by an F/I above 10, the methane yield value under these 
conditions and the F/I effect on the methane rate are comparable to studies from other 
authors. 
The effect of F/I on the lag phase of the water hyacinth biomethanation depended 
on the acclimatization of the inoculum. The effect of F/I on the length of the lag phase 
was negligible (p > 0.123) when using acclimatized inoculum. However, when the 
inoculum was non-acclimatized, the F/I ratio had a directly proportional effect (p < 
0.006, Table 3-1) on the lag phase. At F/I = 1.0, the lag phase was more than 4 times that 
at F/I = 5.0, and almost 8 times higher than at F/I = 10.0. These results are in accordance 
with previous findings that indicated the lag phase depends on the concentration of 











Fig. 3-1  Biochemical methane potential of water hyacinth from Ozama River (Dominican Republic) at different feed to inoculum 























The differences in methane yield and production rate between acclimatized and 
non-acclimatized anaerobic sludge were negligible (p > 0.641, Table 3-1). However, the 
biodigestion with non-acclimatized sludge had a longer (p < 0.0001) lag phase (6.2 ± 1.9 
days) and doubling time (24.0 ± 2.8 days) than that with acclimatized inoculum (Tlag < 1 
day, Tdoub 16.0 ± 1.4 days). As expected, acclimatizing the anaerobic consortia for the 
anaerobic digestion of water hyacinth eliminated the lag phase of the sub sequential 
Fig. 3-2 Biochemical methane potential of water hyacinth from Ozama River 





batch. This reduction might be due to the high content of calcium and magnesium in the 
feedstock, since the physiological need of bacteria for these nutrients is highest during 
lag phase, implying their important role in the transition from lag to exponential phase 
(Rolfe et al. 2012; Castro and Agblevor 2020a).  The biomethanation of water hyacinth 
when using anaerobic sludge as inoculum would take less than 10 days for exponential 
production of biogas during the biodigester start up and would continue on that stage 
when reloading the system.  
Temperature  
The methane yield for the anaerobic digestion of water hyacinth was not different 
(p > 0.176) at 30°C and 40°C.  Similarly, the methane production rate for the 
biomethanation of water hyacinth at 40°C (9.0 ± 0.8 N.mL CH4/g VS·day) was higher (p 
= 0.0357, Fig. 3-1) than that at 30°C (6.4 ± 2.5 N.mL CH4/g VS·day, Fig. 3-2). The effect 
of temperature on methane production rate depends on the F/I in the system (p = 0.0138). 
When water hyacinth was digested at 30°C using F/I=30, the methane production rate 
(3.2 ± 0.2 N.mL CH4/g VS·day) was lower (p < 0.002) than the other F/I ratios within the 
same temperature (7.9 ± 0.8 N.mL CH4/g VS·day). As a result, in the anaerobic digestion 
of water hyacinth at 30°C, doubling times increased by at least 3 days (p < 0.01, Table 3-
1).  However, there was no difference (p > 0.218) in the methane production rate between 
the digestions conducted at 40°C. These results are partially in accordance with previous 
works. For the thermophilic anaerobic digestion of food waste, 10 °C reduction in 
temperature, from 65°C to 55°C,  did not affect (p = 0.177) the production rate of 
methane (Gaby et al. 2017) .  When comparing anaerobic digestion of sludge at 34°C, 




higher temperatures  (Moestedt et al. 2017). The biomethanation of water hyacinth at 
40°C would lead to higher methane production rates and shorter digestion times without 
compromising the stability of the process.  
Kinetic Models 
The methane production per time curve was successfully fitted (R2 > 0.993, Fig. 
3-1 a) to the modified Gompertz model when non-acclimatized sludge was used as 
inoculum at 40°C. However, the explanation of the data by this model decreased after 
inoculum acclimatization (R2 = 0.965 ± 0.02, Fig. 3-1 b, 3-2c).   The maximum methane 
potential of water hyacinth when digesting at 40°C with acclimatized sludge is better 
explained (p = 0.0003) by Chen and Hashimoto model (R2 = 0.995 ± 0.01) than by the 
modified Gompertz model. After 105 days of digesting water hyacinth with acclimatized 
sludge at 40°C, the stationary phase had not been reached (Fig. 3-1b), following an 
exponential pattern proper of Chen and Hashimoto model. The first order kinetic model 
explained (R2 > 0.953) the hydrolysis stage through the disintegration rate constant (KH). 
The disintegration rate was larger (p < 0.01, Table 3-1) when the anaerobic digestion was 
conducted at 40°C with acclimatized sludge, leading to a higher methane production rate 
(Table 3-1).   These results differ from  previous studies that evaluated the 
biomethanation kinetics of food waste and vegetable crop residues that concluded the 
modified Gompertz model was better fitted than the first order and, Chen and Hashimoto 
models (Li et al. 2019; Pramanik et al. 2019). The inoculum acclimatization seems to 






Table 3-1 Methane yield (N. mL CH4 /g VS ) and kinetic parameters at different feed to inoculum ratios (F/I ) and temperature (T) 
using  non-acclimatized (N-ACC) and acclimatized sludge (ACC).  
 
T (°C) Inoculum F/I CH4 Yield   A ACH Kz KH Tlag Tdoub  
40 N-ACC 
1.0 416.8 ± 6.2  412.9 ± 7.5 639.8 ± 13.8 9.7 ± 0.4 0.028 ± 0.001 1.0 ± 0.3 22.4 ± 0.6  
5.0 336.1 ± 7.9  328.5 ± 7.8 528.1 ± 42.0 9.4 ± 0.6  0.027 ± 0.004 4.7 ± 1.2 22.3 ± 2.4  
10.0 317.0 ± 5.3  313.3 ± 6.3  589.9 ± 34.0 8.2 ± 0.5 0.018 ± 0.002 7.8 ± 0.9 27.2 ± 1.5  
          
 
40 ACC 
5.0 346.3 ± 20.6   314.9 ± 27.2 413.6 ± 39.3 9.6 ± 0.1 0.043 ±0.003 0.0 ± 0.0 16.6 ± 1.6  
10.0 308.4 ± 0.6  276.0 ± 6.9 356.2 ± 13.1 9.5 ± 0.3 0.048 ± 0.007 0.0 ± 0.0 14.7 ± 0.8  
30.0 284.3 ± 15.9 251.3 ± 25.6 340.8 ± 23.8 8.0 ± 0.3 0.042 ± 0.001 0.0 ± 0.0 16.9 ± 0.3  
           
30 ACC 
5.0 328.0 ± 16.3  312.0 ± 20.9 420.7 ± 22.6 7.8 ± 1.3 0.035 ± 0.004 0.0 ± 0.0 20.2 ± 1.9  
10.0 330.3 ± 5.2 315.9 ± 11.5 425.4 ± 18.5 8.0 ± 0.7 0.035 ± 0.005 0.0 ± 0.0 20.1 ± 2.5  
A [N. mL CH4/g VS feed] is the methane potential, Kz [N. L CH4/g VS feed*day] is the methane production rate, Tlag [days] is the lag time, and 
Tdoub [days] is the doubling time according to the modified Gompertz model; ACH [N. mL CH4/g VS feed] is the maximum methane potential as 
Chen and Hashimoto model; and KH [day







When water hyacinth at F/I=30 was digested at 30°, the biomethanation profile 
could not be explained by any of the models under study (Fig. 3-2). The biomethanation 
kinetics under these conditions is different to previously published works. The kinetic 
parameters included a period of time that we have named pseudo lag phase, which took 
place after reaching an initial asymptote and before the exponential phase (Fig. 3-3).  The 
pseudo lag phase lasted 36 days and its asymptote was 43.4 ± 2.5 N.mL CH4/g VS.  
During this phase, the methane production followed the modified Gompertz model, 
which also governed the following exponential phase. The maximum methane potential 


































Fig. 3-3 Anaerobic digestion of water hyacinth at 30°C and F/I = 30. 
Kinetic profile of pseudo-lag and exponential phases that follows the 




rate of 3.9 N.mL CH4/g VS.  The anaerobic digestion of water hyacinth high F/I (30) and 
30°C could have been assumed to be terminated after 30 days due to low biogas 
generation and low % CH4 at that time (Fig. 3-4). However, the consortia seem to have 
adapted to an F/I = 30, since the biogas produced after 45 days of digestion had a % CH4 
above 65% (Fig. 3-4). Similarly, the production of biogas after more than 120 days of 
digestion did not seem to have ceased, which implies that the maximum methane 
potential is higher than the yield at that time (263.6 ± 23.0 N.mL CH4/g VS, Fig. 3-4).  
 
 
Fig. 3-4 Periodic (~ 4-10 days) biogas production (N.mL/g feed) and methane percentage 


































The conditions for the anaerobic digestion of water hyacinth that required the 
lowest heating energy were those at higher F/I and lower digestion temperature (Table 3-
2).  The difference between the produced and the heating energies were highest (p < 0.01, 
Table 2) for F/I=10 at 30°C, and F/I=30 systems at 30 °C and 40°C, and lowest (p < 
0.05) for F/I=5.0 at 30°C. The anaerobic digestion at F/I = 30.0 resulted in the most 
energetically efficient system compared to those under study. The insignificant difference 
(p > 0.957)  in the net energy Ep-Q  between the bio-digestors operating at 30° and 40°C  
when F/I= 30 is due to the higher yield at 40°C than at 30°C.  
The optimal conditions for the batch anaerobic digestion of water hyacinth would 
generate the highest amount of energy per time while having the minimum energy 
consumption per batch. The digestion of water hyacinth at F/I=30 and 40°C has the 
highest difference between the produced and the heating energies per batch (Table 3-2) 
while keeping low doubling times (16.9 ± 0.3 days).  Even though the energy produced 
from the digestion of water hyacinth  at F/I=30 and 30°C is more than 10 times the 
heating energy (Table 3-2) , the doubling time (49.6 ± 2.5 days)  is above 40% (p < 
0.006) those of the rest of the experimental units. Also, the kinetics under these 
conditions includes a pseudo lag phase where the production of methane is 20% of the 
methane yield and lasts more than 30 days. The anaerobic digestion of water hyacinth at 
high F/I should consider increasing the temperature of the system to overcome the 









Table 3-2 Energy analysis for the anaerobic digestion of water hyacinth at 30° and 40°C using different F/I for a 5 m3 biodigestor. 
The assumptions were calculated to keep the study conditions. The mass of the water hyacinth (m Feed) and the inoculum (m Sludge)   
were expressed on fresh and dry basis, respectively. The water (m H2O) considered in the study is from the sludge. 
Conditions Assumptions [kg] Parameters for Analysis Energy analysis  [MJ] 
T 
[°C] 
F/I 𝑚𝐹𝑒𝑒𝑑  𝑚𝑆𝑙𝑢𝑑𝑔𝑒 𝑚𝐻2𝑂 
𝑚𝑡𝑜𝑡𝑎𝑙 
[Kg] 
𝑐𝑝  Slurry 




[L CH4/Kg VS] 
𝑄 𝐸𝑝 𝑬𝒑 − 𝑸
1 
30 
5.0 269 53.8 2098 2421 3.85 10 328.0 ± 16.3 93.2 316.0 ± 15.7 222.8± 15.7 A 
10.0 347 34.7 1354 1736 3.65 10 330.3 ± 5.2 63.4 410.5±6.5 347.1 ± 6.5 B 
30.0 425 14.2 552 991 3.10 10 263.6 ± 23.0 30.7 400.4±34.8 369.7 ± 30.7 B 
40 
5.0 269 53.8 2098 2421 3.85 20 346.3 ± 20.6 186.4 333.7±19.8 147.3 ± 19.3 C 
10.0 347 34.7 1354 1736 3.65 20 308.4 ± 0.6 126.8 383.3± 0.7 256.5 ± 0.7 A 
30.0 425 14.2 552 991 3.10 20 284.3 ± 15.9 61.4 432.8±24.2 371.4 ± 24.2  B 







The anaerobic digestion of water hyacinth at different F/I ratios, mesophilic 
temperatures, supplementation conditions, and inoculum acclimatization were conducted 
through factorial experiments. The study showed that using anaerobic media with and 
without vitamin and minerals did not improve the methane yield or rate in the batch 
systems. However, the F/I ratio affected the biomethanation performance. At F/I = 30, 
the methane yield (263.8 ± 26.9 N.mL CH4/g VS) and rate (5.6 ± 2.8 N.mL CH4/g 
VS·day) were lower than at F/I = 1.0, F/I = 5.0, and F/I = 10.0. Digesting the biomass at 
higher temperatures did not affect the methane yield but increased the production rate 
[N.mL CH4/g VS·day] from 6.4 ± 2.5 at 30°C to 9.0 ± 0.8 at 40°C, which lead to shorter 
digestion times. The highest difference between the energy produced and the heating 
energy consumed during the anaerobic digestion of water hyacinth occurred at F/I =30 at 
30° and 40°C. However, the doubling times at 30°C were almost 3 times that at 40°C 
since 30 days pseudo lag phase was observed during the biomethanation of water 
hyacinth at the lower temperature. The digestion of water hyacinth at high F/I (30) using 







EFFECT OF WET AIR OXIDATION ON THE COMPOSITION AND 
BIOMETHANATION OF WATER HYACINTH 
 
4.1 Abstract 
Water hyacinth (Pontederia crassipes) is an invasive weed considered a potential 
feedstock for biorefinery due to its rapid growth and phytoremediation properties when 
cultivated in wastewaters.  For the first time, the effects of wet air oxidation (WAO) and 
alkaline wet air oxidation (AWAO) on the structure and biomethanation kinetics of water 
hyacinth were studied. Water hyacinth (50 g/L) was pretreated using WAO and AWAO 
(0.15 g Na2CO3/ g feed), at 170°C under 0.4 MPa air for 30 min. After WAO and 
AWAO, the fixed carbon [% w/w] of water hyacinth (25.9 ± 0.8) was reduced to an 
average of 21.4 ± 1.6.  The volatiles [% w/w] in the WAO solid residue were higher (69.0 
± 0.7) than in the AWAO (60.5 ± 1.2) and unpretreated biomass (62.9 ± 0.2), but the 
soluble COD [mg / g feed] of WAO (153.5 ± 4.1) was half that of AWAO (310.3 ± 4.1). 
The AWAO biomass showed higher cellulose deconstruction and lignin and extractives 
removal compared to WAO and unpretreated biomass.  The methane production rate [N. 
mL CH4/g feed day] during the biomethanation of water hyacinth (4.1 ± 0.2) increased 
63% after WAO (6.7 ± 1.5), and 117% after AWAO (8.9 ± 0.7).  AWAO increased the 
methane potential [N. mL CH4/g feed] of water hyacinth by 24%, from 153.7 ± 1.9 to 







One of the most important factors influencing the performance of biorefinery 
systems is the feedstock. A promising feedstock for bioconversion processes must have 
high productivity, low acquisition and conversion costs, and minimum environmental 
impact and land use (Wyman 2013). Water hyacinth (Pontederia crassipes) is an invasive 
aquatic plant considered an ecologically and economically sustainable feedstock for 
bioenergy production. This macrophyte grows very rapidly and does not require arable 
land or freshwater for cultivation.  Water hyacinth doubling times are 6-7 days under 
optimal conditions (Reddy 1984; Gutiérrez et al. 2001). This plant can grow in 
wastewaters contaminated with heavy metals, and organic and inorganic compounds such 
as sulfates, phosphates, nitrates, nitrites, ammonia, and formaldehyde while keeping 
yields of 50-60 ton (dry wt)/ ha per year (Mahmood et al. 2010; Moyo et al. 2013; 
Koutika and Rainey 2015; Gong et al. 2018; Ting et al. 2018; Dölle et al. 2020; Gaurav et 
al. 2020). Production costs of water hyacinth from the harvesting to the drying of the 
biomass have been estimated to be around $40 per ton of dry biomass  (Hronich et al. 
2008). One of the most promising bioconversion routes for aquatic plants such as water 
hyacinth is anaerobic digestion (Wellinger et al. 2013). Reported biochemical methane 
potential (BMP) of water hyacinth under various conditions ranges from 114 to 552 L 
biogas/ kg VS (Mathew et al. 2013; Patil et al. 2014b; Hernández-Shek et al. 2016; Priya 
et al. 2018; Castro and Agblevor 2020a). The estimated energy produced from the 
biomethanation of a ton of fresh water hyacinth from eutrophic water bodies has been 
estimated to be 10 times higher than the energy required for harvesting (Castro and 





increased by reducing the recalcitrance of lignocellulosic feedstock like water hyacinth 
(Tian et al. 2005; Xu et al. 2019; Zoghlami and Paës 2019; Rezania et al. 2020; Sankaran 
et al. 2020).  Pretreating water hyacinth before anaerobic digestion could increase the 
digestibility and improve the biomethanation of this feedstock.  
Effective pretreatments of lignocellulosic feedstock for biorefinery systems 
should recover lignin, protein, oils, and other materials found in the biomass for posterior 
use in different bioconversion processes. Aqueous pretreatment converts the biomass into 
reactive intermediates, which are compounds that are dissolved in water and that can be 
biologically, thermochemically, or catalytically converted to biofuels and chemicals 
(Wyman 2013). Alkaline pretreatment removes lignin and increases the surface area and 
porosity of the biomass, and improves the effective transport of cellulolytic enzymes into 
the biomass cell walls (Wyman 2013; Kim et al. 2016; Šoštarić et al. 2020). Unlike 
sodium hydroxide pretreatments, aqueous alkaline pretreatments using sodium carbonate, 
aqueous ammonia, and calcium carbonate have higher cellulose and hemicellulose 
recovery rates for feedstocks such as corn stover, sugarcane bagasse, and rice straw and 
wheat straw  (Chang et al. 1998; Klinke et al. 2002; Kim et al. 2009; Morone et al. 2018). 
Even though aqueous pretreatments generally require subsequent downstream processes 
to concentrate the released macromolecules for bioethanol production, this is unnecessary 
in wet anaerobic digestion, whose solid contents are below 15% (Wellinger et al. 2013). 
Even though alkaline aqueous pretreatments are promising for the anaerobic digestion of 
lignocellulosic materials, studies on their effect on the structure and biomethanation of 





Wet air oxidation (WAO) is an aqueous pretreatment process that relies on the 
action of pressurized air under aqueous conditions to solubilize hemicellulose. The 
resulting biomass is mainly cellulose, with some residual hemicellulose and acid-
insoluble lignin whereas, the liquid fraction consists of the degradation products from 
lignin and hemicellulose, such as monomeric phenols, furans, and carboxylic acids 
(Wyman 2013; Den et al. 2018). The acids have been previously shown to be effective 
for lignin degradation in lignocellulosic materials with low lignin content such as water 
hyacinth (Demesa et al. 2020). WAO differs from other hydrothermal pretreatments such 
as hot liquid water and steam explosion in the use of an oxidizing agent (e.g. air, 
oxygen), and the operating pressure(Pérez et al. 2008; Zhuang et al. 2016; Hamraoui et 
al. 2020). Even though steam explosion is widely used for the deconstruction of 
lignocellulosic biomass, the formation of by-products that are inhibitory for cellulose 
hydrolysis and the fermentation of hydrolysates is one of its drawbacks (Martin et al. 
2008). The main degradation product of WAO is a carboxylic acid, which is an 
intermediate metabolite of methane in the anaerobic digestion pathway (Klinke et al. 
2002; Wellinger et al. 2013; Demesa et al. 2020). Wet air oxidation is not commonly 
considered as a pretreatment of lignocellulosic materials  for  bioconversion processes 
(Abraham et al. 2020; Rezania et al. 2020). Wet oxidation at temperatures ranging from 
125 °C to 320 °C and pressures from 0.5 to 30 MPa is generally used for the treatment of 
aqueous waste and the production of acetic acid from lignocellulosic material 
(Kolaczkowski et al. 1999; Kang et al. 2016). However, studies on the use of WAO as a 





For bioconversion processes, the addition of alkali during wet oxidation of 
lignocellulosic biomass is linked to an increase in sugar yield and reduction in the 
formation of acetic acids due to degradation of hemicellulose. Alkaline wet air oxidation 
(AWAO) is an efficient pretreatment method for delignification and deacetylation that 
reduces the crystallinity and improves the digestibility of cellulose while minimizing the 
production of phenols and furans (Klinke et al. 2002; Morone et al. 2018). Even though 
studies on the WAO of lignocellulosic materials for biofuels and bioenergy are scarce, 
AWAO has been successfully used on various feedstocks for these applications. In the 
alkaline oxidation of sugarcane bagasse, corn stover, rice husk, and wheat straw for 
bioconversion processes, using 0.002 g to 0.067 g Na2CO3 /g of biomass at 185-195 °C 
and  0.3 to 1.2 MPa O2have yielded 57 to 99% sugar recovery (Klinke et al. 2002; Varga 
et al. 2003; Martín and Thomsen 2007; Wyman 2013; Sharma et al. 2015).  Alkaline wet 
oxidation pretreatment of yard waste at 12 bar O2 and 185 °C double the yield of methane 
during anaerobic digestion (Lissens et al. 2004). However, the feasibility of biomass 
pretreatment to minimize the lignocellulose recalcitrance depends on the feedstock due to 
the variability in the cell wall structure and composition (Wyman 2013). Several 
pretreatment methods have been applied to water hyacinth before bioconversion such as 
enzymatic hydrolysis,  dilute acid hydrolysis, ionic liquid, crude glycerol, alkaline, and 
thermal pretreatments including hot air oven, microwave, autoclave, and hot water bath 
(Guragain et al. 2011; Lin et al. 2015; Barua and Kalamdhad 2017; Zhang et al. 2018; 
Sarto et al. 2019). However, the effect of WAO and AWAO to pretreat water hyacinth 





The goal of this chapter is to study the effects of WAO and AWAO under lower 
pressure conditions on the structure and biomethanation kinetics of water hyacinth 
feedstock.  In this section we report the effect of various pretreatment regimes on the 
maximum methane potential (A), methane production rate (Kd), lag phase (Tlag), and 
doubling time (Tdoubling).  
4.3 Material and Methods 
Biomass  
Samples of water hyacinth were collected from freshwaters at El Naranjo 
(18°34'27.2"N 69°47'09.9"W) within Ozama River. The biomass was prepared as 
described in section 2.3 Biomass Harvesting and Preparation. The characteristics of the 
water hyacinth under study are described in section 2.4. 
Pretreatment 
The pressurized reactor used for all the pretreatments was a 300 mL Parr 4560 
(Parr Instrument Company, Moline, IL, USA). Biomass (5% w/w), alkali (when 
applicable), and deionized water were heated to 170 °C for 30 min under constant 
agitation. The reactions took place under pressure, with an initial air pressure of 60 psi 
(0.4 MPa).  For the AWAO, 0.15 ± 0.05 g Na2CO3/g biomass was added to the vessels.  
The resulting pH before the WAO and AWAO pretreatments were 6.40 ± 0.04, and 10.45 
±0.04, respectively. The pH after WAO was 4.99 ± 0.05 and after AWAO was 7.34 ± 
0.16. The pH of the WAO slurry was adjusted to 7.14± 0.07 using KOH solution before 





For the analysis of the aqueous and solid residues, the slurry was centrifuged at 
3000 g for 15 min and vacuum filtered. The solid residue was washed with deionized 
water and dried at 45 °C before analysis. 
Proximate and Ultimate Analyses 
The thermogravimetric analysis (TG) and ultimate analysis of unpretreated 
biomass and solid residues from pretreatment was carried out according to their 
corresponding subsections within section 2.3. The protein content was estimated using 
the nitrogen conversion factor (NF = 6.25). 
FT-IR Spectra 
Mid-infrared spectra were collected over a wavenumber range of 4000 cm−1 to 
600 cm−1 using a NICOLET IS20 PRO MID-IR (Thermo Fischer Scientific, Waltham, 
MA, USA) spectrometer equipped with a diamond attenuated total reflectance (ATR) 
accessory (i.e., Smart iTXTM ). The samples were scanned sixteen times at a resolution 
of 4 cm−1, and the spectra were corrected for background absorbance by subtracting the 
spectrum of the empty ATR crystal. The spectra analysis was made according to previous 
works on the characterization of lignocellulosic biomass using FT-IR (Acquah et al. 
2016). 
Chemical Oxygen Demand (COD) 
The maximum chemical energy present in the aqueous residue from pretreated 
water hyacinth that can be converted to biogas by microbes was assessed through the 
soluble COD (Wellinger et al. 2013). The liquid portion of the pretreated biomass was 
obtained by centrifugation and filtration (0.45 um) of the supernatant. For the control, the 





min. The mixture was centrifuged at 3000 g for 20 min, and vacuum filtered with GF/A 
glass microfiber filter. The diluted samples were digested with the HACH COD High 
Range (COD HR) kit. COD (mg/L) was measured using a DR 500 Benchtop UV-VIS 
spectrophotometer (Hach Company, Loveland, CO, USA).  The results were reported in 
mg COD / g feed.  
Anaerobic Digestion 
The biomethanation of water hyacinth was conducted in 160 mL serum bottles 
with a 110 mL working volume. Each serum bottle was loaded with 70 mL of biomass 
slurry, containing 3.55 ± 0.1 g of feed (pretreated or unpretreated biomass) and 2.13 g 
volatiles, 30 mL of inoculum, and 10 mL of deionized water. The inoculum was a 
mixture of anaerobic sludge from two mesophilic wastewater plants, North Davis Sewer 
District (Syracuse, UT, USA) and Central Valley Water Reclamation Facility (Salt Lake 
City, UT, USA) after adaptation to the feedstock.  The sludge had 2.58 ± 0.10 % of total 
solids, 54.0 ± 0.4 VS%, and pH 7.8 ± 0.1.  The serum bottles (digesters) contained 4.0 ± 
0.3% total solids, feed to inoculum ratio (F/I) of 5.0, and pH 7.2 ± 0.2. The digesters 
were incubated at 38.0 ± 1.0 °C.  
Gas Measurement 
The produced gas was measured via volume displacement using a lubricated 
syringe every 2 to 5 days and analyzed using an Agilent 7890B Gas Chromatograph 
(Agilent Technologies, Santa Clara, CA, USA). The measured volume (V) was converted 
to normal volume (V0) using the Ideal Gas Law (Eq. 2-4), where T0 =273.15 K and P0 





gas measurements. The volume of the accumulated methane was reported per mass of 
feedstock added to the experimental units.  
Modified Gompertz Model  
The modified Gompertz model was fitted as described in section 2.3.   
Statistical Analysis  
The Solver tool in Excel was used to fit each replicate to the modified Gompertz 
model. The estimated kinetic parameters (A, Kd, Tlag, and Tdoubling) of the digestors were 
compared using analysis of variance (aov) and Tukey's test (Tukey HSD), in R Studio 
(version 3.6.1). For the comparison of operational profiles, proximate and ultimate 
analyses, and methane yields in each digestor, the unpaired t-test (www.graphpad.com) 
was used. The populations were assumed to be independent, normal distributed, and with 
equal variances.  
4.4 Results and Discussion 
 Operational Profiles   
The operation parameters such as pH, maximum temperature and pressure define 
the suitability of a pretreatment process for a specific conversion route. During the 
oxidation, the batch Parr reactor temperatures rose above 170 ° C due to exothermic 
reactions taking place (Alvira et al. 2011). There was no statistically significant 
difference between the maximum temperatures (176.5 ± 4.2 °C) and pressure (1.1 ± 0.2 
MPa) attained during WAO and AWAO (p = 0.158). The pH of the feedstock for 
bioconversion processes such as anaerobic digestion should be between 6.5 and 7.8 for 
microbial viability (Wellinger et al. 2013). The pretreatment that generated pH conditions 





lower pH (5.0 ± 0.1, p = 0.001) than that from AWAO, and required pH adjustment 
before biomethanation. 
Thermal Degradation  
The volatile content (Table 4-1) of unpretreated and pretreated water hyacinth 
was released between 200 – 350 °C (Fig. 4-1) during TGA analysis of the materials. Each 
sample was run in triplicates and the average weight loss temperatures calculated. . The 
unpretreated biomass had two weight loss regimes and the DTGA showed a clear peak at 
Tmax = 314.9 ± 2.4 °C and a shoulder at 250 ±1.4 °C. The shoulder at 250 ±1.4 C for the 
unpretreated biomass was attributed to hemicellulose degradation while the peak at Tmax 
= 314.9 ± 2.4 °C  was assigned to cellulose degradation  (Yang et al. 2007; Nguyen Thi 
et al. 2017).   The shoulder corresponding to hemicellulose maximum thermal 
degradation (Tmax) in the unpretreated water hyacinth (Fig. 4-1) was not present after 
pretreating the biomass, indicating complete degradation of hemicellulose during WAO 
and AWAO. Complete degradation of hemicellulose in water hyacinth after hydrothermal 
treatment followed by acid/water wash has been reported (Yao et al. 2020).  However, 
only partial degradation of hemicellulose was achieved when water hyacinth was 
pretreated using boiling, steaming, and ultra-sonicating methods (Harun et al. 2011). 
Similarly pretreatment of rice straw using  microwave-alkali-acid  did not degrade all the 
hemicellulose present in this feedstock  (Akhtar et al. 2017). Thus, both the WAO and 
AWAO were as effective as the hydrothermal acid/water washing method for the 
pretreatment of water hyacinth, but better than the boiling water, steaming and ultra-








Fig. 4-1 Curves of the differential thermogravimetric analysis of unpretreated and 
pretreated water hyacinth. The pretreatments under study are Wet Air Oxidation (WAO) 
and Alkaline Wet Air Oxidation (AWAO). 
 
WAO and AWAO affected the cellulose maximum decomposition temperature of 
water hyacinth differently. The AWAO lowered (p = 0.009) the maximum cellulose 
decomposition temperature from Tmax = 314.9 ± 2.4 °C to Tmax = 299.5 ± 5.2 °C 
(Fig.4-1), which suggests a reduction in the degree of cellulose crystallinity.  Hideno 
showed that as the degree of cellulose crystallinity decreased, the maximum degradation 
temperature of microcrystalline cellulose decreased (Hideno 2016).  Thus, AWAO water 





unpretreated material. In contrast, the WAO sample had the highest (p < 0.002) DGTA 
cellulose decomposition temperature (Tmax = 341.7 ± 5.6 °C), which suggested that the 
WAO pretreatment increased the degree of crystallinity of the cellulose in this material 
compared to both the unpretreated and AWAO solids. It appears the WAO attacked the 
hemicellulose and the amorphous cellulose and thus increasing the crystallinity of the 
cellulose (Pardo et al. 2019). The WAO results are in accord with acidic systems such as 
the hydrothermal treated and water/acid washed water hyacinth, which had higher 
maximum degradation temperature (~ 400°C) than the raw biomass (~350 °C) (Yao et al. 
2020). The addition of alkali in the WAO of water hyacinth seems to prevent the increase 
in the degree of cellulose crystallinity in the biomass solid residue.  
 
Table 4-1 Proximate analysis of unpretreated water hyacinth and solid residues from 
pretreated biomass (mean ± SD), on a dry weight basis 
 Proximate Analysis  (% w/w) 
 Volatiles Fixed carbon Ash 
Unpretreated 62.9 ± 0.2 A 25.9 ± 0.8 A 11.1 ± 0.9 A 
WAO 69.0 ± 0.7 B 20.1 ± 0.7 B 10.9 ± 0.2 A 
AWAO 60.5 ± 1.2 A 22.7 ± 0.8 C 16.8 ± 0.9 B 







The proximate analysis of the unpretreated and pretreated water hyacinth showed 
that the solid residues from WAO had a relatively higher (p = 0.001, Table 4-1) volatile 
content than the unpretreated biomass and the solid residue from AWAO. The volatiles in 
the biomass before and after AWAO were not different (p > 0.22). The solid residues 
from the pretreated biomass had lower (p < 0.003) fixed carbon (21.4 ± 1.6 % w/w) than 
the unpretreated biomass (25.9 ± 0.8 % w/w). The lowest fixed carbon (p < 0.0013, Table 
4-1) in the solid residues is achieved after WAO. The ash content in the water hyacinth 
after AWAO was higher (p = 0.0015, Table 4-1) and after WAO no different (p = 0.726) 
than before pretreatment. These results could be explained by the solubilization of 
organic compounds, such as acid soluble lignin and hemicellulose, resulting in lower 
volatiles and higher fixed carbon and ash per unit mass of the AWAO solid residue. A 
reduction in volatiles and an increase in fixed carbon were reported in previous work 
after pretreating water hyacinth with torrefaction, and hydrothermal treatment followed 
by acid/water wash (Yao et al. 2020). The higher volatiles, and the lower fixed carbon 
and ash content suggest that the solid residue from WAO water hyacinth may be more 
suitable for biomethanation than that from AWAO if the cellulose crystallinity does not 
influence the bioavailability of this biomass component. 
Ultimate Analysis 
The ultimate analysis showed that the nitrogen content in the AWAO solid 
residue is lower (p < 0.006, Table 4-2) than in the unpretreated biomass. Consequently, 
the lowest protein content was estimated for the solid residues from AWAO (8.6 ± 1.2 





(14.4 ± 1.2 % w/w).   This is explained by the protein solubility from the biomass by 
NaOH when the pH is above 7 (Abu-Salem and L. HusseinY. Foda 1975; Bals et al. 
2007). The C/N of the unpretreated water hyacinth (16.7 ± 0.8) is below the optimal 
range (20-30) that ensures a proper anaerobic digestion process (Wellinger et al. 2013; 
Gil et al. 2019). The WAO and AWAO increased (p < 0.020) the C/N ratio of the water 
hyacinth solid residues to 20.0 ±1.3 and 26.6 ± 1.3, respectively.   The effect of WAO 
and AWAO pretreatments on the organic elemental composition of the water hyacinth 
did not compromise biomethanation performance indicators like C/N.  
 
 
Table 4-2 Ultimate analysis of unpretreated water hyacinth biomass and solid residues of 
pretreated water hyacinth (mean ± SD), on a dry weight basis 
 
Ultimate Analysis (% w/w) 
 C H N O 
Unpretreated 38.4 ± 0.6 A 4.4 ± 0.1 A 2.3 ± 0.2 A 43.7 ± 0.9 A 
WAO 44.0 ± 1.3 B 4.9 ± 0.2 A 2.2 ± 0.03 A 38.1 ± 1.5 B 
AWAO 37.3 ± 1.1  A 4.5 ± 0.2 A 1.4 ± 0.2 B 40.8 ± 1.5 A B 










The region containing the most spectral information on the molecular and 
chemical composition of a material is 1800 to 650 cm-1 (Acquah et al. 2016). The peaks 
intensity at 2920 cm-1 and 1605 cm-1 is high in the unpretreated water hyacinth, reduced 
after WAO, and negligible in AWAO solid residues (Fig. 4-2).  The peak at 2920 cm-1 
corresponds to the bending and stretching of C – H and its aromatic ring vibration in 
lignin, and that at 1605 cm-1 to C – O stretching or C = O stretching vibration in ketones 
Figure 4-2 FT-IR spectra from unpretreated water hyacinth, and from Wet Air Oxidation 






or flavones (Yang et al. 2007; Thyrel 2014; Acquah et al. 2016).  The lignin and 
extractives in water hyacinth are removed effectively during AWAO, but only partially 
during WAO. Similarly, the presence of peaks at 1411 cm-1 and 871 cm-1 in the AWAO 
solid residues suggests C – H deformation of cellulose during the pretreatment (Raspolli 
Galletti et al. 2015; Acquah et al. 2016). These peaks are not present in the spectra from 
the WAO solids because the cellulose crystallinity increased (Fig. 4-1). These results are 
in accordance with previous studies where the addition of an alkali (Na2CO3) during the 
wet air oxidation of rice straw reduced the recalcitrance and increased the cellulose 
accessibility of the biomass (Morone et al. 2018). The FTIR spectra of the AWAO water 
hyacinth show that the pretreatment can significantly reduce the recalcitrance of the 
biomass by solubilizing lignin and extractives and reducing the crystallinity of the 
cellulose which facilitated its anaerobic digestion. 
Chemical Oxygen Demand  
The COD of the aqueous phase from the unpretreated water hyacinth (26.6  ± 
0.97 mg/ g biomass negative control) was comparable (p = 0.080) to that other studies 
(20.7 ± 4.08 mg COD/ g water hyacinth)(Sarto et al. 2019). The liquid residue of the 
aqueous pretreated biomass is expected to contain the degradation products from the 
hemicellulose such as monosaccharides and furans (Wyman 2013). The COD (mg/ g 
biomass) of the filtrate from AWAO (310.3 ± 4.1) was twice (p < 0.0001) that from 
WAO (153.5 ± 4.1). The highest COD (mg / g biomass) from acid pretreated water 
hyacinth at 1-5% w/w sulfuric acid (136.8) was lower (p < 0.020) than our results from 
the WAO and AWAO biomass (Sarto et al. 2019).  Thus, the aqueous residue from 






Fig. 4-3 Biogas yield during the anaerobic digestion of unpretreated, wet air oxidized 
(WAO), and alkaline wet air oxidized (AWAO) water hyacinth. Error bars are the 
standard deviation of the mean value 
 
Anaerobic Digestion  
During anaerobic digestion of water hyacinth, the maximum biogas yield (N. 
mL/batch) of unpretreated (214.6 ± 9.9, p < 0.001) water hyacinth was produced between 
the 6th and 13th days, and that from WAO (335.2 ± 99.2, p < 0.0126) biomass between 
the 14th and 18th days of digestion (Fig. 4-3). The maximum biogas yield from AWAO 






























0.077) to those from the 14th to the 18th (251.1 ± 40.9), and from the 19th to the 23rd 
(152.0 ± 58.4). The earlier maximum biogas yields in the unpretreated and AWAO water 
hyacinth compared to the WAO biomass is expected due to the higher degree of cellulose 
crystallinity observed in the latter (Fig. 4-1). These results could also be due to the 
presence of the inhibitory compounds for the anaerobic digestion (e.g. phenols, vanillin), 
which are minimum under alkaline conditions (AWAO) (Barakat et al. 2012; Sierra-
Ramirez, Rocio; Holtzapple, Mark; Piamonte 2013; Wirth et al. 2015). Similarly, the 
maximum cumulative methane yield from the AWAO biomass was reached earlier (40 
days) than that from WAO and unpretreated biomass (Fig. 4-4) because the AWAO has 
twice as much COD and the cellulose was less crystalline.   
After 30 days of digestion, the cumulative methane produced [N.mL CH4/ g feed] 
from the AWAO biomass (161.7 ± 7.7) was 35 % higher (p = 0.018) than those from 
WAO (119.9 ± 17.1) and 55% greater (p = 0.0005) than unpretrated biomass (104.3 ± 
5.5).  The AWAO results are lower (p = 0.032) than serial pretreatments such as 
microwave-heated alkali followed by enzymatic hydrolysis that yielded 185.8 N.mL 
CH4/ g feed from the one-stage methane fermentation of water hyacinth (Lin et al. 2015). 
The methane yield from water hyacinth after traditional alkaline pretreatment (1% NaOH 
for 48-h soaking) and co-digestion (65:35) with sheep waste (95.6 N.mL CH4/ g feed) 
were  lower (p = 0.004) than that from AWAO biomass but comparable ( p > 0.111) to 








Fig. 4-4 Methane production and modified Gompetz models for the unpretreated, Wet 
Air Oxidized (WAO), and Alkaline Wet Air Oxidized (AWAO) water hyacinth 
 
 
The unpretreated water hyacinth reached steady state methane production in the 
biogas (%CH4) after 5 days, whereas those from the WAO and AWAO biomass reached 
the steady state after more than 23 and 13 days of digestion, respectively (Fig. 4-5). This 
response could be due to the presence of WAO and AWAO pretreatment byproducts (e.g. 
phenols, furans), which are expected to be utilize by the anaerobic consortia after 
adaptation (Barakat et al. 2012; Sierra-Ramirez, Rocio; Holtzapple, Mark; Piamonte 











































higher (p < 0.0001) in the biogas from the unpretreated (58.0 ± 10.5 %) than that from 
the pretreated biomass. However, the cumulative methane yield [N. mL CH4/ g feed] at 
that time was lower (p = 0.0348) for the unpretreated (49.8 ± 5.5) than for the AWAO 
(66.8 ±7.7) biomass. After 15 days, the %CH4 from AWAO (68.5 ± 6.5 %) was the 
highest (p < 0.0001) followed by that from WAO (61.1 ± 7.0 %), while %CH4 from the 
unpretreated biomass (57.8 ± 3.7%) was steady (p = 0.924).  During the anaerobic 
digestion of water hyacinth, the higher biogas yield and %CH4 in a shorter time was 





Fig. 4-5 Percentage of methane in the biogas during the anaerobic digestion of water 

































Table 4-3 Kinetic parameters (mean ± SD) from the modified Gompertz model for the 
biomethanation of water hyacinth before and after wet air oxidation (WAO) and alkaline 
wet air oxidation (AWAO). 
Parameter 1 Unpretreated WAO AWAO 
A [N. mL CH4/g feed] 153.7 ± 1.9 A 171.2 ± 19.0 AB 191.0 ± 4.1 B 
Kz [N. mL CH4/g feed · day] 4.1 ± 0.2 A 6.7 ± 1.5 B 8.9  ± 0.7 B 
Tlag  [day] 2.7 ± 0.6 A 9.7 ± 3.7 B 7.5  ± 2.5 B 
Tdoubling [day] 22.2 ± 1.6 A 23.0 ± 5.5 AB 18.6  ± 1.4 B 
RMSE 3.8 ± 0.8 4.7 ± 0.9 4.4  ±  1.4 
R2 0.994 0.994 0.996 
The same letters within each  row mean no statistical difference for t-test (α = 0.05). 
1A is the maximum methane produced, Kz is the absolute growth rate, Tlag is the lag 
time, and Tdoubling is the doubling time.  RMSE is the root mean square error, and R2 is 
the variation of the measurements explained by the models.  
 
Biomethanation Kinetics 
After 77 days of anaerobic digestion, the maximum methane potential (A) from 
AWAO water hyacinth was more than 24% higher (p = 0.004, Table 4-3) than before 
pretreatment. However, the A for the biomass after WAO was similar (p = 0.236) to the 
unpretreated biomass. The total methane yield after pretreating water hyacinth with 
AWAO (195.81 ± 4.8 N. mL CH4/ g feed) was 10 times higher (p = 0.001) than after 5% 
v/v sulfuric acid pretreatment (10.9 mL CH4/ g feed), and  77 % higher (p = 0.001)  than 
after ionic liquid pretreatment (Gao et al. 2013; Sarto et al. 2019). The methane 





was more than 20% higher (p < 0.03, Table 4-3) and the doubling time after AWAO 
shorter (p = 0.04, Table 4-3) than before pretreatment.  The kinetics showed that AWAO 
of water hyacinth had the best performance for biomethanation when compared to WAO 
and other previously studied pretreatment methods.  
Even though AWAO increased the biomethanation performance of water 
hyacinth, the costs associated to alkali and the energy consumed during biomass size 
reduction, heating and stirring were not considered in this analysis. The next chapter 
presents studies on the parametrization of AWAO to minimize the energy expenditure 
and chemical costs, and to increase the process performance for the biomethanation of 
water hyacinth, as a third-generation bioconversion process.  
4.5 Conclusion 
Water hyacinth was subjected to wet air oxidation (WAO) and alkaline wet air 
oxidation (AWAO) for the first time to determine the effect of these aqueous 
pretreatments on the structure and biomethanation of this lignocellulosic biomass. During 
both pretreatments, hemicellulose was completely solubilized and fixed carbon was in the 
solid portion was reduced. The FTIR analysis showed that cellulose deconstruction, and 
lignin and extractives removal better attained after AWAO than after WAO. After 
AWAO, the thermal degradability of the solid residues was higher than for the 
unpretreated and WAO biomass. The biomethanation potential of the aqueous residue 
from AWAO (310.3± 4.1 mg COD/g feed) doubled that from WAO (153.5 ± 4.1 mg 
COD/g feed). As a result, pretreating water hyacinth with AWAO caused an increase in 
the maximum methane potential from 153.7 ± 1.9 to 191.0 ± 4.1 N. mL CH4/g feed. 





shorter doubling time (18.6 ± 1.4 days) than before pretreatment (22.2 ± 1.6 days). The 
methane in the biogas from AWAO water hyacinth was the highest (68.5 ± 6.5 % CH4) 













PARAMETRIC STUDIES AND BIOCHAR EFFECT ON THE 
BIOMETHANATION OF WET AIR OXIDIZED WATER HYACINTH 
 
5.1 Abstract 
Biochar concentration [g/ g feed] at 0 g/g, 0.25 g/g, and 0.5 g/g, alkali 
concentration [g Na2CO3/ g Feed] at 0.07, and 0.14, and pretreatment temperature [C] at 
80, 100, 170, were used to determine the optimal conditions for the alkali wet air 
oxidation (AWAO) of water hyacinth and the effect of biochar on this system through 
kinetic studies. The net energy from the pretreated and unpretreated biomass was 
estimated to assess the feasibility of AWAO for the biomethanation of water hyacinth. 
The operational profiles showed better pressure stability for the pretreatment conducted 
at lower temperatures (80 - 100 °C) than at 170 °C. After 21 days of digestion, the 
methane rate yield [N. mL CH4/ g feed *day] for the biomass pretreated at lower 
temperatures and alkali dosage (80 °C , 0.07 g Na2CO3/ g) was higher (10.0 ± 0.7) than 
the biomass pretreated at high temperature and alkali concentration (3.6 ± 2.0) and the 
unpretreated biomass  (5.4 ± 0.1). Also, the methane yield for the biomass pretreated at 
80°C was twice that for that pretreated at 170 °C. The biomethanation of the water 
hyacinth pretreated at higher temperatures and low alkaline concentration were improved 
by adding poultry litter biochar. After 31 days of digestion, the energy produced from the 
pretreated water hyacinth was estimated to be 464.6 ± 19.0 MJ/ ton while that from the 






The integration of thermochemical byproducts into biochemical processes opens 
the possibility of minimizing the impact of thermochemical residues on the environment 
while enhancing the productivity of biological systems. Anaerobic digestion is a 
biological process where biomass is degraded by a consortium of anaerobic bacteria and 
archaea in four steps: hydrolysis of macromolecules, acidification, production of acetic 
acid, and production of methane (Wellinger et al. 2013; de Jong and Van Ommen 2015). 
The combination of anaerobic digestion and pyrolysis has been considered a promising 
approach to overcome some challenges of the former such as the use of recalcitrant 
materials as feedstocks, process efficiency, product quality, and management of effluents 
and emissions (Masebinu et al. 2019).  Pyrolysis is able to degrade lignocellulosic 
derivatives into liquids, solids, and non-condensable gases by heating the biomass 
beyond their thermal stability under anoxic conditions (Moldoveanu 2009; Wang and 
Luo 2017; Zaman et al. 2017). The yield of the pyrolytic products (i.e. bio-oil, syngas, 
and biochar) depends on the processing conditions like temperature and residence time 
(Masebinu et al. 2019). Currently, fast pyrolysis is of high interest due to its main 
resulting product ((bio-oil, an energy-rich liquid that serves as intermediate for the 
production of drop-in fuels, biobased chemicals, and hydrogen fuel (Wang and Brown 
2017)).  At least 10% of the product obtained from fast pyrolysis is a carbonaceous solid 
residue, i.e. biochar (Lehmann and Joseph 2009; Masebinu et al. 2019).  Recycling this 
solid residue to be used on other applications would reduce the waste generated from 





Contrary to the gaseous and liquid products resulting from pyrolysis, biochar has 
been traditionally linked to environmental solutions rather than exclusively energy 
production (Lehmann and Joseph 2009). In agriculture, the application of biochar to 
arable land has increased soil quality, minimized the effect of extreme soil conditions, 
enhanced the crop productivity, and increased minerals and vitamins content in the crops 
(Revell et al. 2012a, b; Jatav et al. 2017; Akachukwu et al. 2018; Romdhane et al. 2019; 
Sikder and Joardar 2019).  Also, biochar has been used as a filter to remove microbial, 
organic and inorganic materials, including heavy metals, nitrogen and phosphorus from 
contaminated waters (Gwenzi et al. 2017; Sana and Khatoon 2017; Perez-mercado et al. 
2018). In fermentation, biochar has been reported to enhance the production of 
bioethanol and increase the microbial growth of Saccharomyces cerevisiae (Diallo 2014).  
The use of biochar in the anaerobic digestion of various feedstocks has shown increase in 
the %CH4 in biogas, reduction in substrate-induced inhibition, increase in macro- and 
micronutrients digestate quality, and biogas upgrade by CO2 sequestration (Shen et al. 
2015; Linville et al. 2017; Capson-tojo et al. 2018; Masebinu et al. 2019; Pan et al. 2019). 
Using biochar as an aid for anaerobic digestion enhances the productivity of the 
bioconversion process while recycling a pyrolytic waste.  
Studies have been conducted to reveal the properties of biochar that contribute to 
the improvement of the anaerobic digestion performance. Yet, the effect of this material 
on the anaerobic digestion of lignocellulosic feedstock after pretreatment has not been 
explored.  Pretreatment of lignocellulosic materials such as water hyacinth improves the 
availability of biodegradable compounds and leads to higher methane yields (Chapter 





such as monomeric phenols, furans, and carboxylic acids have shown no inhibition to the 
anaerobic consortium (Rivard and Grohmann 1991; Barakat et al. 2012). However, the 
neutralization of the pretreated biomass might lead to sulfate formation and the inhibition 
of the methanogens (Khanal and Huang 2005). Sulfate adsorption onto biochar has been 
reported to follow the pseudo-second-order model and to be due to electrostatic 
interaction (Zhao et al. 2019). On the other hand, biochar has been reported to be 
inhibitory to the microbial consortium at high concentrations (Diallo 2014; Shen et al. 
2016). Therefore, the effect of biochar at different loadings on the anaerobic digestion of 
pretreated lignocellulosic material needs to be assessed to improve this bioconversion 
process. 
The parameterization of the alkaline wet air oxidation (AWAO) of water 
hyacinth, and the assessment of the effect of poultry litter biochar as an aid for the 
anaerobic digestion of the pretreated biomass contribute to the scaling up of the 
integrated system. The costs associated to the AWAO of water hyacinth could be reduced 
by utilizing lower temperatures and less alkali during processing. The temperatures 
commonly used for AWAO are above 170C, however, the materials that are pretreated 
(e.g. rice straw, corn stover, ..) have higher cellulose and lignin content than water 
hyacinth (Shawky et al. 2011; Wyman 2013; Castro and Agblevor 2020a). In this 
chapter, biochar concentration [g/ g feed] at 0 g/g, 0.25 g/g, and 0.5 g/g, alkali 
concentration [g Na2CO3/ g Feed] at 0.07, and 0.14, and pretreatment temperature [C] at 
80, 100, 170, were studied as an unreplicated full factorial design to determine the 
optimal conditions for AWAO of water hyacinth and the effect of biochar on this system. 





modified Gompertz model and set as the experiment dependable variables. The feasibility 
of AWAO for the biomethanation of water hyacinth was determined by comparing the 
net energy from the pretreated and unpretreated biomass. 
5.3 Materials and methods 
Biomass 
Water hyacinth from  El Naranjo (18°34'27.2"N 69°47'09.9"W),  Ozama River 
(Dominican Republic)  was collected and prepared as described in (Castro and Agblevor 
2020a). The final particle size of the biomass was 0.850-2.00 mm.  
Biochar  
The biochar used for the study was from 500°C fast pyrolysis of chicken litter 
processed in an industrial rotary kiln reactor by Amaron Energy (Salt Lake City, UT, 
USA). The material was sieved using a Ro-Tap model E test shaker (WS Tyler, Mentor, 
OH, USA) equipped with No. 100, No. 20, and No. 10 US standard meshes and had a 
particle size of 0.85-2.00 mm.  
Surface Area 
Biochar’s specific surface area was determined using the Monosorb 
(Quantachrome Instruments, Boynton Beach, FL) based on BET (Brunauer, Emmett and 
Teller) theory. About 0.1-0.2 g of biochar was degassed at 300°C for three hours and  
nitrogen/helium was used as carrier gas.  
Proximate and Ultimate Analyses 
The proximate and ultimate analyses of biochar were carried out according to 





Inorganic Elemental Analysis 
For the total inorganic elemental composition, 1.0 g of sample was analyzed 
according to the corresponding subsection of section 2.3 by Utah State University 
Analytical lab (USUAL), Logan, UT, USA.  
Alkaline Wet Air Oxidation (AWAO) 
The reactions took place under pressure in a 300 mL Parr 4560 (Parr Instrument 
Company, Moline, IL, USA).  The vessel containing 3.5 g of biomass (5% w/w), at 0.07 
or 0.14 g Na2CO3 / g biomass, and 80 mL of deionized water. The reactor was then 
initially pressurized with air to 0.4 MPa (60 psi) before heating to different temperatures 
(80 °C, 100 °C, and 170 °C) for 25 min under constant agitation.  
Anaerobic Digestion (AD) 
The biomethanation of the samples was conducted in 160 mL serum bottles with a 
110 mL working volume. Each bottle was loaded with 70 mL of biomass slurry, 
containing 3.50 ± 0.03 g of feed (pretreated or unpretreated biomass), and 40 mL of 
inoculum. The inoculum was a mixture of anaerobic sludge from two mesophilic 
wastewater plants, North Davis Sewer District (Syracuse, UT, USA) and Central Valley 
Water Reclamation Facility (Salt Lake City, UT, USA) recycled from previous anaerobic 
digestions.  The sludge had 0.67 ± 0.08 % total solids, 50.3 ± 0.4 VS%, and pH 7.8 ± 0.1.  
The serum bottles (digesters) contained 4.3 ± 0.2% total solids and feed to inoculum ratio 
(F/I) of 15.6 ± 0.12 on VS basis. The digesters were incubated at 37 °C. The produced 





The percent of volatile solids destroyed (% VS Destroyed) was calculated according 
to Eq. 5-1, where VSin and VSout are the percent volatiles in solid state before and after 
digestion, whereas Win and Wout are the corresponding mass values.   
%𝑉𝑆𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = ((𝑉𝑆𝑖𝑛 ∗ 𝑀𝑖𝑛 − 𝑉𝑆𝑜𝑢𝑡 ∗ 𝑀𝑜𝑢𝑡) 𝑥 100%)  𝑉𝑆𝑖𝑛 ∗ 𝑀𝑖𝑛⁄   (Eq. 5-1) 
Kinetic Models 
The kinetic parameters under the various AWAO conditions were determined for 
the Modified Gompertz, and Chen and Hashimoto models using the Solver tool in Excel. 
The equations (Eq. 3-2, and Eq. 3-3) and parameters for the models are described in the 
corresponding subsection of section 3.3. 
Characterization of Residues 
For the analysis of the aqueous and solid AWAO residues before and after the 
anaerobic digestion, the slurries were centrifuged at 3000 g for 20 min. The pellets were 
dried at 45 °C before analysis. 
Thermogravimetric Analysis 
The proximate analysis and thermal degradability assessment were carried out 
according to their corresponding subsections within section 2.3 using a TGA-Q500 (TA 
Instruments, New Castle, DE, USA).  
Lignocellulose Composition 
The carbohydrates and acid insoluble lignin were determined following ASTM E 
1758-01 and ASTM E 1721. The main monosaccharides found in water hyacinth (i.e.  
glucose, xylose, and arabinose) were measured using a LC-20AD UFLC equipped with a 
RID-20A (Shimadzu Corp., Kyoto, Japan). The samples were injected at 0.60 mL/min 





(Benson Polymeric, Reno, NV, USA) at 80°C for separation. More details are shown in 
the subsection ‘Summative Analysis’ within section 2.3. 
Energy Analysis 
The feasibility of the pretreated biomass was assessed through the estimation of 
the net energy produced for the different experimental conditions. The energy [MJ] 
produced (Ep) from the biomethanation of water hyacinth and the energy required for 
heating (Q) during the pretreatment were calculated using Eq. 2-7, and Eq. 5-2, 
respectively. The overall heat capacity (Cp) of the slurry was calculated using Eq. 5-3. 
The energy analysis assumed the processing of 1 ton of fresh water hyacinth. The water 
content and heat capacity of the fresh feedstock (plant leaves) were assumed to be 91% 
and 1.75 kJ/kg °C (Akendo et al. 2008; Jayalakshmy and Philip 2010). The ambient 
temperature was assumed to be 20°C and the heat lost to be negligible during the 
pretreatment. Since the optimal retention time for mesophilic anaerobic digesters is 15-30 
days (Mir et al. 2016), BMP [L CH4/kg] was assumed to be the methane yield at 31 days 
of digestion.  The higher heating value (HHV) of methane is 0.0398 MJ/L. 
Q =  m ∙ cp ∙ ΔT            (Eq. 5-2) 
Cp = (mFeed m⁄ )Cp Feed + (m Water m⁄ ) Cp Water        (Eq. 5-3) 
Statistical Analysis  
The data collected from the factorial datasets was analyzed using the function 
‘aov’ in R Studio (version 3.6.1). The differences between levels were determined using 
Tukey's test (Tukey HSD), a post-hoc analysis function in R. For single comparison 
between values, t test (www.graphpad.com) was used. The populations were assumed to 























































Figure 5-1 Operative curves of temperature and pressure during the Alkaline Wet 





5.4 Results and Discussion 
Biochar Composition 
Poultry litter biochar had a BET specific surface area of 6.0 ± 0.8 m2/g.  The 
volatile, fixed carbon, and ash contents of the biochar were 21.6 ± 0.2 % w/w, 40.1 ± 0.5 
% w/w, and 38.4 ± 0.7 % w/w, respectively. The organic elemental composition [% w/w] 
of biochar was 38.9 ± 0.08 C, 2.07 ± 0.02 H, 4.8 ± 0.08 N, 15.9 ± 0.7 O, and <0.01 S.  
Nitrogen in biochar was almost twice ( p = 0.0001) that in water hyacinth (1.8 ± 0.2 % 
w/w), based on previous results (Castro and Agblevor 2020a). The macronutrients [% 
w/w] in the biochar’s ash were 6.4 ± 4.5 Ca, 1.4 ± 0.3 K, 1.3 ± 0.1 P, 0.6 ± 0.04 Mg, and 
0.3 ± 0.04 S; the main minerals [mg/ kg] were 2839 ± 469.5 Na, 850.5 ± 183 Fe, 598 ± 
12.0 Si, 303 ± 0.7 Al, 134 ± 48.1 Sr, 8.6 ± 0.4 Ba, and, 23.0 ± 3.8 B; and the heavy 
metals present were [mg/ kg] 246.5 ± 17.7 Mn, 35.2 ± 1.8 Cu, 26 ± 2.1 Zn, 16.4 ± 0.1 Cr,  
4.60 ± 0.12 Ni, and 2.2 ± 0.3 Mo. The elements below the detection limit (<0.05 mg/kg) 
in the biochar’s ash were As, Cd, Co, Pb, and Se.  
AWAO Operational Conditions 
The AWAO reactions appeared to be exothermic because temperature always 
rose above the set point for all experiments; thus, maximum temperature reached during 
the AWAO of water hyacinth at 80 °C was112.7 ± 1.2 °C which was lower (p <0.0001) 
than at 100 °C (126.8 ± 2.1 °C) and 170 °C (185.3 ± 5.4 °C).  However, the maximum 
pressure at 170 °C (185.3 ± 5.4 °C) was much higher than at 80 °C (0.7 ± 0.04 MPa) and 
100 °C (0.8 ± 0.05 MPa, which were no different (p = 0.09).  The temperature and 
pressure profiles during the AWAO of water hyacinth showed less variation at 80°C and 
100°C compared to 170°C (Fig. 5-1).  The operating conditions of AWAO at 80°C and 





the pressure stability, safety, lower chemical consumption and minimum energy 
requirements.   
Biomethanation Kinetics 
The Analysis of Variance (ANOVA) showed that the AWAO temperature 
significantly affects the methane yield (p < 0.0156) and methane production rate (p < 
0.004) during the anaerobic digestion of water hyacinth (Appendix C).  After 21 days, the 
water hyacinth pretreated with 0.07 g Na2CO3/ g at 80°C had produced 30% higher 
methane yield (p = 0.003, Table 5-1) than the unpretreated biomass which was almost 
twice (p = 0.0004) the rate of the later. After 55 days of digestion, the methane yield [N. 
mL CH4 /g feed] for the biomass pretreated using AWAO at 80°C with 0.07 g Na2CO3/ g 
feed was(150.9 ± 6.1 which was higher (p <0.005, Table 5-1) than at 100°C and 170°C 
using 0.14 g Na2CO3/ g feed but not statistically different from the untreated biomass. 
This could be due to the generation of inhibitory byproducts at higher temperatures. 
Therefore, pretreating the feed at lower temperature and alkali would increase the 
digestion rate because of the higher availability of sugars from the biomass.  
Effect of Biochar on the Biomethanation of AWAO Water Hyacinth 
Even though the effect of the AWAO alkali concentration and the biochar 
addition on the biomethanation of water hyacinth was negligible (p > 0.350) on the 
ANOVA (Appendix C), the impact of biochar on the methane yield seemed to be 
constrained by the AWAO alkali concentration during the first 21 days of digestion (Fig. 
5-2). At lower concentrations of alkali (0.07 g Na2CO3/ g feed), there was a positive 
correlation between the concentration of biochar and the methane yield, which suggests 






Table 5-1 Methane yield [N. mL CH4 /g feed] and kinetics after digesting unpretreated and Alkaline Wet Air Oxidized (AWAO) water 
hyacinth under different pretreatment temperature and alkali concentration.   
  21 days of digestion 55 days of digestion 
T [°C] 
Alkali  
[g Na2CO3/ g feed] 
CH4 Yield   
[N. mL CH4/g feed] 
Kz  [N. mL CH4/ g feed 
*day] 
CH4 Yield   
[N. mL CH4/g feed] 
Kz [N. mL CH4/ g 
feed *day] 
Un-pretreated 75.9 ± 8.8 A 5.4 ± 0.1 A C 124.9 ± 15.4 A B 3.8 ± 0.5 A 
80 
0.07 109.4 ± 1.8 B 10.0 ± 0.7 B 150.9 ± 6.1  A 6.4 ± 0.03 B 
0.14 105.8 ± 9.8 B 7.7 ± 1.7  A B D 147.0 ± 12.5 A B 6.1 ± 0.8 B 
100 
0.07 113.8 ± 0.9 B 8.6 ± 2.3  A B 141.2 ± 19.8 A B 5.5 ± 2.3 A B C 
0.14 39.5 ± 10.1 C 4.6 ± 0.6  C 128.3 ± 3.7 B 2.7 ± 0.3 C 
170 0.14 47.4 ± 16.1 A C  3.6 ± 2.0  C D 124.4 ± 8.9 B 3.2 ± 0.9 A C 
A is the methane potential, Kz is the methane production rate, and Tlag is the lag time, according to the modified Gompertz 






The impact of biochar on the biomethanation kinetics of the AWAO water 
hyacinth depends not only on the alkali concentration but also on the pretreatment 
temperature.  After 21 days of digestion, the effect of biochar on the methane yield at 
80°C was negligible (p > 0.65, Table 5-2) at low and high alkali concentration. After 31 
days of digestion the addition of biochar (0.05-0.10 g/ g feed) to the system increased (p 
= 0.0057) the yield [N. mL CH4 /g feed] from 55.1 ± 8.3 to 133.9 ± 1.5 at 100°C and low 
alkali concentration but had not impact (p = 0.827) on the yield (57.2 ± 8.6) of the 
biomass pretreated at 100°C and high alkali concentrations. On the other hand, the 
biomethanation of water hyacinth pretreated at 170°C failed at low alkali concentration. 
The addition of biochar at concentrations above 0.05 g/ g feed improved the yield to an 
amount comparable to those obtained at higher alkali concentration under the same 
temperature (Table 5-2). The highest methane yield after 31 days of digestion was 
obtained when water hyacinth was subjected to AWAO at 80°C, at a 100°C and 0.07 g 
Na2CO3/g feed when at least 5% of biochar was used, at 170°C and 0.07 g Na2CO3/g feed 
when 10% of biochar was added, and at 170°C and 0.14 g Na2CO3/g without biochar.  
These results suggest that biochar could have neutralized bioproducts (e.g. carboxylic 
acids) produced at temperatures above 80°C that would require alkali concentration 
above 0.07 g Na2CO3/ g feed. Further studies focused solely on the effect and 
mechanisms of actions of biochar on the anaerobic digestion of AWAO water hyacinth 







Figure 5-2 Interaction plot between alkali concentration [g Na2CO3/ g  feed] and 






Table 5-2 Methane yield [N. mL CH4 /g feed] and kinetics after digesting unpretreated 
and Alkaline Wet Air Oxidized (AWAO) water hyacinth under different temperature, 





[ g / g feed] 
Alkali  
[g Na2CO3/ g 
feed] 
Yield  [N. mL CH4 /g feed] 
21-day  31-day  
80 
0.00 0.07-0.14 104.9 ± 9.3 AB 129.6 ± 8.7 AB 
0.05 - 0.10 
0.07 108.3 ± 0.3 A 126.6 ± 0.5 A 
0.14 109.5 ± 10.4 AB 136.0 ± 13.2 AB 
100 
0.00 0.07-0.14 28.5 ± 5.5 C 55.1 ± 8.3 CD 
0.05 - 0.10 
0.07 113.8 ± 0.9 B 133.9 ± 1.5 B 
0.14 45.9 ± 1.1 DE 57.2 ± 8.6 CD 
170 
0.00 - 0.05 
0.07 
27.2 ± 4.0 C 30.0 ± 3.2 D 
0.10 
76.2 ± 14.5 D 104.2 ± 13.2 ABC 
0.00 
0.14 
0.05-0.10 38.2 ± 2.3 CE 64.8 ± 7.9 C 








Fig. 5-3 Curves of the differential thermogravimetric analysis of unpretreated and 
pretreated water hyacinth (AWAO at 80°C with 0.07 g and 0.14 g of Na2CO3 per g of 





Effect of AWAO on Water Hyacinth 
The characteristics of the AWAO solid residues before and after anaerobic 
digestion validate the effectiveness of the process conditions on the biomass structure.  
The maximum degradation temperature of the water hyacinth (316.9 ± 3.2 °C) was higher 
(p < 0.04, Fig. 5-3) than that of the biomass after AWAO at 80°C when using 0.07 g 
(284.0 ± 9.3 °C) and 0.14 g (286.5 ± 8.1° C) of Na2CO3 per g feed. Adding larger 
amounts of alkali did not decrease the maximum degradation temperature significantly (p 
= 0.801).  The structural change due to AWAO at 80°C is comparable with that observed 
in Chapter 4, when the biomass was pretreated at 170 °C and 0.14 g Na2CO3/ g feed 
(Castro and Agblevor 2020c). Thus, the improvement in the biomass thermal degradation 
attained after AWAO was not compromised by reducing the temperature and alkali 
concentration from 170° C to 80° C and from 0.14 to 0.07 g Na2CO3/ g feed. 
The water hyacinth after been subjected to AWAO at lower alkali and 
temperature had higher (p = 0.03, Table 5-3) volatiles and lower (p = 0.005) ash than the 
unpretreated biomass’. The reduction in ash content was expected since almost 50% of 
the ash in this biomass was reported to be extractable (Castro and Agblevor 2020a). The 
ash can be easily removed by the carboxylic acids produced during the pretreatment. 
Similarly, the lignin content in the pretreated biomass was lower (p = 0.015) than in the 
unpretreated water hyacinth. In contrast, the holocellulose (% w/w) in raw water hyacinth 
(43.5 ± 4.4) was not different (p = 0.727) than after AWAO (44.8 ± 1.6).  For both, raw 
and pretreated water hyacinth, the cellulose was 26.4 ± 3.5 % w/w, and the hemicellulose 





AWAO under lower alkali concentration and temperature, making the material more 
easily digestible by increasing the volatiles and reducing the lignin content.  
 
   
Fig 5-4 Curves of the differential thermogravimetric analysis of the biosolids 
from the unpretreated and pretreated biomass (AWAO at 80°C with 0.07 g 
Na2CO3 /g). 
 
Figure 5-5 Curves of the differential thermogravimetric analysis of the 
biosolids from the unpretreated and pretreated biomass (AWAO at 80°C with 
0.07 g Na2CO3 /g). 
 
Figure 5-6 Curves of the differential thermogravimetric analysis of the 







Table 5-3. Proximate analysis and structural composition of water hyacinth before (biomass) and after (biosolids) anaerobic digestion 
under raw and pretreated (AWAO 0.07 g Na2CO3 / g feed) conditions. 
   Proximate Analysis (% w/w) Structural Composition (% w/w) 











Raw 3.6 ± 0.03 A 59.9 ± 0.7 A   19.9 ± 0.2 A 20.3 ± 0.6 A 26.2 ±2.0 A 17.3 ± 2.4 A 17.7 ± 0.2 A 






Raw  2.0 ± 0.04 BC 55.4 ± 5.4 AC 23.9 ± 0.1 C 20.7 ± 5.3 A 11.0 ± 3.2 B 10.8 ± 2.4 B 38.3 ± 5.6 C 
Pretreated 1.2 ± 0.4 C 48.1 ± 1.8 C 23.6 ± 1.2 C 28.3 ± 1.1 C 4.2 ± 1.1 B 6.4 ± 2.6 B 44.0 ±  0.7 C 





Matter Reduction in the Biomethanation of Water Hyacinth 
After 55 days of digestion, the percentage of digested solids from the pretreated 
water hyacinth (66.7 %) was higher than that from the raw biomass (44.4 %).  Also, the 
VS in the pretreated water hyacinth was reduced (p = 0.13) from almost 65% to less than 
50%, but there was no reduction (p = 0.363) in the VS of raw water hyacinth. Similarly, 
42.8 ± 10.4 % VS and 71.3 ± 9.8 % VS were destroyed during the anaerobic digestion of 
raw and pretreated water hyacinth, respectively.  These results suggest an enhancement in 
digestibility of water hyacinth when pretreated at lower temperature and alkali 
concentration compared to raw biomass.   
The structural composition of the biosolids that were recovered from the 
anaerobic digestion of water hyacinth differed from that of the undigested biomass. As 
expected, the cellulose content in the biosolids was less than half (p < 0.03) that from the 
raw and pretreated water hyacinth.  The hemicellulose content was reduced (p = 0.025) in 
the biosolids from pretreated water hyacinth but not significantly (p = 0.114) in the raw 
biomass. This could be explained by the effect of AWAO on hemicellulose, which is 
solubilized due to the oxidative stress that takes place in the pressurized vessel. The 
thermal degradation profile for the AD residues shows that the structure of the biosolids 
from the unpretreated water hyacinth is more complex than that from the pretreated 
biomass since the former seems to have two merged peaks with a small shoulder, and the 
later only one broad peak (Fig. 5-4).  Based on these results, the biosolids from the 
unpretreated hyacinth seems to contain lignin and residual holocellulose.  The biosolids 
from the pretreated biomass have a TGA profile similar to that of amorphous lignin (Fig. 





generation in the system. Only 60%, 43% and 34% of biosolids is recycled in United 
States, Canada, and Europe, respectively (Apedaile 2001). Unless the characteristics of 
the biosolids are adequate for soil applications, this material is either incinerated or taken 
to the landfill.  
Biosolids Elemental Composition 
After digesting water hyacinth anaerobically, the inorganic composition of the 
biomass changed. The concentration of some macronutrients (i.e. Ca, P, and S, Table 5-4) 
was higher in the biosolids than in the unpretreated water hyacinth. This suggests that the 
concentration of these minerals in water hyacinth was higher than the amount needed for 
the metabolic function of the consortia during anaerobic digestion. However, inorganic 
ions including carbonate, ammonium, phosphate, and sulfide are produced via 
mineralization of the organic compounds in the majority of the anaerobic digestion 
processes (Fermoso et al. 2019). The content of other macronutrients was either reduced 
(K) or unchanged (Mg) after the bioconversion process. Mg is important during the AD 
to stimulate methane production, but if present in concentrations above 40 mg Mg+/ L, 
the effect is negligible, or inhibition occurs (Romero-Güiza et al. 2016). The 
recommended concentrations of Mg and K in the feedstock for anaerobic digestion are 
Mg 47.3mg/g COD, and 720.2 mg K /g COD (Chen and Cheng 2007). The steady 
concentration of Mg and K in the water hyacinth biosolids compared to the raw biomass 








Table 5-4 Inorganic elements in the biosolids from raw and AWAO (0.07 g Na2CO3 / g 





  Raw  Pretreated 
Macronutrients 
(% w/w) 
Ca 11.3 ± 0.6a 19.8 ± 2.8
b 18.1 ± 1.1b 
K 17.9 ± 2.0a 10.1 ± 1.2
 b 6.0 ± 1.5 b 
Mg 1.3 ± 0.1a 1.5 ± 0.04
 a 1.4 ± 0.01 a 
P 0.9 ± 0.06a 4.3 ± 1.0
 b 3.4 ± 0.2 b 
S 0.3 ± 0.09a 1.4 ± 0.1
b 1.1 ± 0.1b 
Micronutrients 
(% w/w) 
Fe 1.2 ± 0.04a 3.0 ± 0.03
 b 2.6 ± 0.3 b 
Mn 0.3 ± 0.01a 0.5 ± 0.03
 b 0.5 ± 0.03 b 
Al 1.7 ± 0.06a 3.7 ± 0.4
 b 3.5 ± 0.4 b 
Na 0.6 ± 0.2a 1.1 ± 0.2
 a 2.9 ± 0.5 b 
Si 1.3 ± 0.3a 4.6 ± 0.08
 b 4.1 ± 0.2 b 
Trace Minerals  
(mg/Kg) 
Cu 54.3 ± 5.2a 487.7 ± 33.4
 b 428.8 ± 16.8 b 
Ni 37.8 ± 19.1a 320.7 ± 21.5
 b 657.1 ± 14.4 c 
Mo 5.5 ± 3.0a 22.6 ± 1.2
 b 28.1 ± 1.8 b 
Co 7.6 ± 0.1a 19.1 ± 0.2
 b 23.4 ± 0.0 c 
Zn 114.3 ± 7.5a   911.4 ± 198
 b 848.2 ± 117 b 
As 1.9 ± 0.03a   7.2 ± 5.1
 a b 7.9 ± 1.6 b 
Cd 0.4 ± 0.1a 1.9 ± 0.2
 b 1.3 ± 0.2 b 
 Cr 26.1 ± 0.1a 89.9 ± 14.6 
b   143.0 ± 14.9 b 
 Pb 1.9 ± 1.0  a 37.2 ± 2.0
 b   26.5 ± 6.4 b 
a, b, c Different letters within each row indicate a significant difference between sites for  





The micronutrients (i.e. Fe, Mn, Al, Si) in water hyacinth were higher than the 
biosolids derived from the raw and pretreated biomass (Table 5-4). There was no 
significant difference in the macro and micronutrients present in the raw and pretreated 
water hyacinth biosolids. However, the Na content in the biosolids from pretreated water 
hyacinth was higher than in the unpretreated biomass and in the raw biosolids. This is 
explained by the addition of sodium carbonate (alkali) during the AWAO pretreatment. 
Similarly, the concentration of trace minerals in the biosolids was much higher than in 
the undigested water hyacinth (Table 5-4), which indicates that these metals were not 
used significantly during the conversion process or mineralization took placed. The 
amount of Cu, Mo, Zn, As, Cd, Cr, and Pb in the biosolids derived from raw water 
hyacinth was comparable to that derived from pretreated biomass. Biosolids have been 
used to fertilize different types of micronutrient-deficient soils, including alkaline soils, 
dryland, and sandy soil (Moral et al. 2002; Barbarick and Ippolito 2007; Ozores-Hampton 
et al. 2011)  The biosolids of the water hyacinth from the Ozama river are rich in 
micronutrients and have higher K than P, which differs from the composition of common 
biosolids where P is higher than K (Badzmierowski and Evanylo). Further studies need to 
be conducted exploring the effect of the biosolids derived from the unpretreated and 
pretreated water hyacinth from Ozama river. 
Energy Analysis 
The energy expenditure during the pretreatment of cellulosic feedstock has been 
considered for the feasibility of various thermal and chemical pretreatments for 
bioconversion processes (Castro et al. 2015; Cheng et al. 2019a, b). After 31 days of 





was higher (p = 0.0095) than that from raw biomass (339.6 ± 42.3 MJ/ton). However, the 
energy consumed during the AWAO at 80°C was 105.0 MJ per ton of fresh biomass 
(Appendix D). The net energy from the pretreated biomass was 359.6 ± 19.0 MJ/ ton, 
which is not different (p = 0.499) than that from raw biomass. In order to take advantage 
of the higher biomethanation generated after the AWAO, renewable energy generation 
methods for the pretreatment process should be considered (e.g. solar panels).   
5.5 Conclusion 
In this chapter, the optimal conditions on the AWAO of water hyacinth regarding 
reaction temperature and alkali concentration, and the effect of biochar were determined 
through kinetic studies. The pressure and temperature profiles for the AWAO showed 
that the operational conditions for the pretreatment conducted at lower temperatures (80 - 
100 °C) would be more stable and safer to operate at large scale than that at 170 °C.  
Similarly, the digestion speed [N. mL CH4/ g feed *day] for the biomass pretreated at 
lower temperatures and alkali dosage (80 °C , 0.07 g Na2CO3/ g) was higher  (10.0 ± 0.7) 
than the biomass pretreated at high temperature and alkali concentration (3.6 ± 2.0) and  
the unpretreated biomass  (5.4 ± 0.1) after 21 days of digestion. The addition of biochar 
helped to improve the biomethanation of the water hyacinth pretreated at higher 
temperatures and low alkaline concentration, suggesting an alkalinity effect in the 
system. The energy produced from the pretreated water hyacinth was higher than that 
from the raw biomass. However, the energy required for pretreatment makes the net 
energy negligible. Renewable energy generation such as solar panels need to be 







SUMMARY AND CONCLUSION 
 
 
The purpose of this dissertation was to study the biomethanation of water 
hyacinth (Pontederia crassipes Mart.) from the eutrophic Ozama River (Santo Domingo, 
Dominican Republic), as a post weed management practice to mitigate the environmental 
management costs related to weed control and to contribute to the transition from fossil 
fuel based to biobased economy in developing countries located in tropical and 
subtropical areas that are affected by this invasive weed.  
6.1 Variation in Biomass Composition and Biomethane Potential in Ozama River 
The composition and biomethanation of water hyacinth from two sites (brackish 
vs freshwater) within Ozama River were compared. The brackish water (La Cienaga, 
Santo Domingo) had the highest nutrient content (P and N) and the freshwater (El 
Naranjo, Santo Domingo) had the higher concentration of metals. The productivity of the 
brackish water, indicated by the biomass chlorophyll b content and the bulk density, was 
30% higher than that from freshwater. The water hyacinth from brackish water had 
higher non-structural components (26.4 ± 0.1% extractives, and 18.8 ± 1.9% proteins) 
than the freshwater. In contrast, higher structural components (41.2 ± 2.8 % 
holocellulose) were found in the water hyacinth from freshwater.  The biochemical 
methane potential of water hyacinth from both sites was not statistically different (399.2 
± 32.2 N. mL CH4 /g VS added). However, the biomethanation of water hyacinth from 
brackish waters occurred faster (22.5 N. mL CH4 /g VS added· day) than that from 
freshwater (10.0 N. mL CH4 /g VS added· day) because high content of lignocellulose is 





5.6  Energy Produced from Mechanically Harvested Water Hyacinth 
After 60 days of digestion, the biochemical methane potential of water hyacinth 
from Ozama river using modified Gompertz model was estimated to generate 846.5 MJ 
of energy per ton of fresh biomass. Based on previous studies on the mechanical 
harvesting of water hyacinth, only 57.9 MJ was estimated to be needed to harvest a ton of 
water hyacinth from Ozama river. These results suggest that the biomethanation of water 
hyacinth could help to mitigate weed management costs by using the generated methane 
for transportation. Other costs for this suggestion need to be considered to maintain the 
process feasibility such as size reduction and labor. In addition, cleaning the biogas 
before usage is an important factor to consider if the goal is to use in harvesting machines 
or as an incentive for those living in the surroundings and willing to collaborate with 
manual harvesting. This approach would reduce the costs associated to mechanical 
harvesting, including the initial investment in acquiring the harvesting equipment.  
5.7 Optimization of Water Hyacinth’s Anaerobic Digestion 
Some of the critical process parameters of the anaerobic digestion are the feed to 
inoculum ratio (F/I), digestion temperature, media supplementation, and inoculum 
acclimatization. These parameters were evaluated using kinetics and energy analysis as 
indicators of the biomethanation performance when using the water hyacinth from 
Ozama river (El Naranjo) as a feedstock. The biomethanation of water hyacinth was not 
improved by the addition of vitamins and minerals. The water hyacinth from El Naranjo 
proved to have the nutrients required for the anaerobic consortia to thrive .  The non- 
acclimatized consortia followed the modified Gompertz model, but the acclimatized 





phase during the bioconversion process. A pseudo lag phase was observed during the 
biomethanation of water hyacinth at low mesophilic temperature (30C) and high F/I 
(30). This phenomenon was not present at higher temperature (40C). As expected, the 
higher the temperature, the faster the methane production. The average methane 
production rate [N.mL·CH4/g·VS·day] during the biomethanation of water hyacinth at 
40C was 9.0 ± 0.8, and at 30°C was 7.9 ± 0.8 for F/I below 30 but only 3.2 ± 0.2 for F/I 
equal to 30. Similarly, the methane yield [N.mL·CH4/g·VS] was the highest (416.8 ± 6.2) 
at F/I = 1.0 and decreased at higher F/I down to 263.8 ± 26.9 (F/I= 30).  However, the 
biomethanation conducted at 30C and F/I = 30 was estimated to require the lowest 
heating energy and resulted in the most efficient setting for batch systems.  
5.8 Alkaline Wet Air Oxidation of Water Hyacinth 
Since water hyacinth is a lignocellulosic material, the improvement of the 
methane production by alkaline and non-alkaline oxidative aqueous pretreatments was 
evaluated.  The effects of Wet Air Oxidation (WAO) and Alkaline WAO (AWAO) under 
low pressure conditions on the structure and biomethanation kinetics of water hyacinth 
feedstock were determined. The biomass was pretreated using WAO and AWAO (0.15 g 
Na2CO3/ g feed), at 170°C under 0.4 MPa air for 30 min. The AWAO biomass showed 
higher lignin and extractives removal and cellulose deconstruction compared to WAO 
and unpretreated biomass.  The methane production rate during the anaerobic digestion of 
water hyacinth was increased in 63% after WAO and in 117% after AWAO. Similarly, 
AWAO increased the methane potential [N. mL CH4/g feed] of water hyacinth from 
153.7 ± 1.9 to 191 ± 4.1. The biomethanation of water hyacinth after AWAO was better 





5.9 Optimization of Alkaline Wet Air Oxidation for the Biomethanation of Water 
Hyacinth  
The preferred pretreatment of water hyacinth for the biomethanation would be at 
lower temperature and alkali concentration. After 21 days of digestion, the water hyacinth 
pretreated with 0.07 g Na2CO3/ g at 80°C had produced 30% higher methane yield than 
the unpretreated biomass at almost twice the rate of the later. Furthermore, the 
thermogravimetric analysis showed that the hemicellulose was dissolved, and the 
cellulose crystallinity was reduced under these conditions.  
5.10 Effect of Biochar on the Biomethanation of Wet Air Oxidized  
The addition of poultry litter biochar on the alkaline wet air oxidized water 
hyacinth did not improve significantly the methane yield or rate after 30 days. During the 
first 21 days of digestion, a positive correlation between the methane yield and the 
concentration of biochar was observed after pretreating the biomass with AWAO at 0.07 
g Na2CO3/ g feed. This result suggests that the poultry litter biochar could act as an alkali 
during the biomethanation of AWAO water hyacinth. Similarly, the effect of biochar on 
the biomethanation of water hyacinth depends on the pretreatment temperature. After 31 
days of digestion we observed that the higher the temperature, the higher the 
concentration of biochar needed to improve the process. This behavior seems to be due to 
the higher acid production at higher temperatures and the need for higher amounts of 
alkali or biochar to improve the system and avoid fouling.   
5.11 Characteristics of the Bio solids from Water Hyacinth 
The pretreated water hyacinth produced less biosolids (33.3 %w/w) than the raw 





content than the undigested water hyacinth. The potassium in the system was found to be 
higher than the phosphorus, offering a competitive difference when compared to most 
biosolids. Deeper studies need to be conducted exploring the effect of the biosolids 
derived from the unpretreated and pretreated water hyacinth from Ozama river. 
5.12 Future Prospects 
The use of the harvested water hyacinth from Ozama river promises to be a 
feasible post weed management practice in the Dominican Republic or in any area with 
tropical conditions. The AWAO technology increases the methane yield of the system 
which translates to higher energy production that could be used as fuel for harvesting or 
as incentive for manual collection of water hyacinth by local residents. Also, pretreating 
AWAO would generate less solid residue which means longer periods between solid 
removal. However, the pretreatment of this weed would require extra energy that would 
eliminate the extra energy generated compared to the unpretreated biomass. Therefore, 
the integration of this technology and other renewable energy alternatives for heating and 
stirring could help to increase the profitability of the system.  For instance, solar panels 
can be installed in countries located near the equator, like the Dominican Republic. Also, 
the co-digestion of water hyacinth with other wastes readily available near Ozama river 
affected areas could be considered in the near future to reduce the littering and produce 
energy from waste.  The biomethanation of water hyacinth as a post weed management 
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Fig. A-1 Map of Ozama River and its contributory, Isabela River, within Santo Domingo. 











Appendix B. Energy Analysis for F/I and Temperature Effects on Batch Systems 
 
1. Volume (V) and mass (m) calculation for the feed (F) and inoculum (I). The 
solid (S) and the liquid (S) portion of the inoculum (sludge) is considered for the 
calculations. The density of fresh feedstock was 96 kg/m3. The dry density and the total 
solids (TS) of the sludge were 560 kg/m3 and 2.5%. Water density is 1000 kg/m3.  
𝑉 = 5 𝑚3 
𝑉𝐹 + 𝑉𝐼 = 5 𝑚
3 ;  
 
𝑀𝐹 𝑉𝐹⁄ = 96.0 𝐾𝑔 𝑚
3⁄   
𝑀𝐹 𝑀𝑆⁄ = 𝐹/𝐼 
 
𝑉𝐼 = 𝑉𝑆 + 𝑉𝐿 
𝑀𝐿 𝑉𝐿⁄ = 1000 𝐾𝑔 𝑚
3⁄  
𝑀𝑆 𝑉𝑆⁄ = 560 𝐾𝑔 𝑚
3⁄  
𝑀𝑆 (𝑀𝐿 + 𝑀𝑆⁄ ) = %𝑇𝑆/100% ;   𝑀𝑆 (𝑀𝐿 + 𝑀𝑆⁄ ) = 0.025 
𝑀𝐿 = 39𝑀𝑆 
39𝑀𝑆 𝑉𝐿⁄ = 1000 𝐾𝑔 𝑚
3⁄ ;  𝑉𝐿 = 0.039𝑀𝑆 
𝑉𝐼 = 𝑉𝑆 +  0.039𝑀𝑆 
 
a. F/I= 5.0 
 
𝑀𝐹 𝑀𝑆⁄ = 5.0 
96 𝑉𝐹  560 𝑉𝑆⁄ = 5.0 ;   𝑉𝐹 = 29.2 𝑉𝑆  
30.2 𝑉𝑆 +  0.039𝑀𝑆 = 5 𝑚
3    
30.2 𝑉𝑆 +  0.039(560 𝑉𝑆) = 5 𝑚
3 ; 52.04 𝑉𝑆 = 5 𝑚
3;    
𝑽𝑺 = 𝟎. 𝟎𝟗𝟔 𝒎
𝟑;  𝑴𝑺 = 𝟓𝟑. 𝟖 𝑲𝒈 
 
𝑉𝐼 = 0.096 +  0.039 (53.8) ;  𝑽𝑰 = 𝟐. 𝟐 𝒎
𝟑  
𝑀𝐹 = 53.8 𝐾𝑔 ∗ 5 ;   𝑴𝑭 = 𝟐𝟔𝟗 𝑲𝒈   
𝑉𝐹 = 𝟐. 𝟖 𝒎





𝑀𝐿 = 39 (53.8 𝐾𝑔) ; 𝑀𝐿 = 2098 𝐾𝑔 
 
b. F/I= 10.0 
𝑀𝐹 𝑀𝑆⁄ = 10.0 
96 𝑉𝐹  560 𝑉𝑆⁄ = 10.0 ;   𝑉𝐹 = 58.3 𝑉𝑆  
59.3 𝑉𝑆 +  0.039𝑀𝑆 = 5 𝑚
3    
59.3 𝑉𝑆 +  0.039(560 𝑉𝑆) = 5 𝑚
3 ; 81.14 𝑉𝑆 = 5 𝑚
3;    
𝑽𝑺 = 𝟎. 𝟎𝟔𝟐 𝒎
𝟑;  𝑴𝑺 = 𝟑𝟒. 𝟕 𝑲𝒈 
𝑉𝐼 = 0.062 +  0.039 (34.7) ;  𝑽𝑰 = 𝟏. 𝟒 𝒎
𝟑  
𝑀𝐹 = 34.7 𝐾𝑔 ∗ 10 ;   𝑴𝑭 = 𝟑𝟒𝟕 𝑲𝒈   
𝑉𝐹 = 𝟑. 𝟔 𝒎
𝟑   
𝑀𝐿 = 39 (34.7 𝐾𝑔) ; 𝑀𝐿 =  1354 𝐾𝑔   
 
c. F/I=30.0 
𝑀𝐹 𝑀𝑆⁄ = 30.0 
96 𝑉𝐹  560 𝑉𝑆⁄ = 30.0 ;   𝑉𝐹 = 175 𝑉𝑆  
176 𝑉𝑆 +  0.039𝑀𝑆 = 5 𝑚
3    
176 𝑉𝑆 +  0.039 (560 𝑉𝑆) = 5 𝑚
3 ; 197.8 𝑉𝑆 = 5 𝑚
3;    
𝑽𝑺 = 𝟎. 𝟎𝟐𝟓 𝒎
𝟑;  𝑴𝑺 = 𝟏𝟒. 𝟐 𝑲𝒈 
𝑉𝐼 = 0.025 +  0.039 (14.2) ;  𝑽𝑰 = 𝟎. 𝟔 𝒎
𝟑  
𝑀𝐹 = 14.2  𝐾𝑔 ∗ 30 ;   𝑴𝑭 = 𝟒𝟐𝟓 𝑲𝒈   
𝑉𝐹 = 𝟒. 𝟒 𝒎
𝟑   
𝑀𝐿 = 39 (14.2  𝐾𝑔) ; 𝑀𝐿 =  552 𝐾𝑔   
 
2. Heat capacity 
𝐶𝑝 = (𝑚𝐹𝑒𝑒𝑑 𝑚⁄ )𝐶𝑝 𝐹𝑒𝑒𝑑 + (𝑚 𝑆𝑙𝑢𝑑𝑔𝑒 𝑚⁄ )𝐶𝑝 𝑆𝑙𝑢𝑑𝑔𝑒  + (𝑚 𝑊𝑎𝑡𝑒𝑟 𝑚⁄ )𝐶𝑝 𝑊𝑎𝑡𝑒𝑟 
a. F/I= 5.0 
𝐶𝑝[KJ/ Kg °C] = (269 2421⁄ )(1.75) + (53.8 2421⁄ )(1.35) + (2098 2421⁄ )(4.19) 






b. F/I= 10.0 
𝐶𝑝[KJ/ Kg °C] = (347 1736⁄ )(1.75) + (34.7 1736⁄ )(1.35) + (1354 1736⁄ )(4.19) 
𝐶𝑝[KJ/ Kg °C] = 0.35 + 0.03 + 3.27 ; 𝑪𝒑 = 𝟑. 𝟔𝟓 𝐊𝐉/ 𝐊𝐠 °𝐂 
 
c. F/I=30.0 
𝐶𝑝[KJ/ Kg °C] = (425 991⁄ )(1.75) + (14.2 991⁄ )(1.35) + (552 991⁄ )(4.19) 
𝐶𝑝[KJ/ Kg °C] = 0.75 + 0.02 + 2.33 ; 𝑪𝒑 = 𝟑. 𝟏𝟎 𝐊𝐉/ 𝐊𝐠 °𝐂 
 
3. Heating Energy (Q) and Produced Energy (Ep) 
𝑄 =  𝑚 ∙ 𝑐𝑝 ∙ 𝛥𝑇     
𝐸𝑝  = 𝑚 ∙  𝐵𝑀𝑃 ∙ 𝐻𝐻𝑉𝐶𝐻4(𝑇𝑆/100) 
 
Anaerobic digestion at 30 °C 
a.  F/I =5.0  
𝑄 =  𝑚 ∙ 𝑐𝑝 ∙ 𝛥𝑇     
𝑄 =  2421 𝐾𝑔 (3.85 𝐾𝐽/ 𝐾𝑔 °𝐶)( 10 °𝐶) (𝑀𝐽/1000 𝐾𝐽)     
𝑸 = 𝟗𝟑. 𝟐 𝑴𝑱  
𝐸𝑝 = (269  𝐾𝑔) (328.0 ±  16.3 L/𝐾𝑔)(0.0398 𝑀𝐽/𝐿) (0.09) 
𝐸𝑝 = 316.0 ± 15.7 𝑀𝐽 
b. F/I =10.0  
𝑄 =  𝑚 ∙ 𝑐𝑝 ∙ 𝛥𝑇     
𝑄 =  1736 𝐾𝑔 (3.65 𝐾𝐽/ 𝐾𝑔 °𝐶)( 10 °𝐶) (𝑀𝐽/1000 𝐾𝐽)     
𝑸 = 𝟔𝟑. 𝟒 𝑴𝑱  
𝐸𝑝 = (347  𝐾𝑔) (330.3 ±  5.2 L/𝐾𝑔)(0.0398 𝑀𝐽/𝐿) (0.09) 






c. F/I =30.0  
𝑄 =  𝑚 ∙ 𝑐𝑝 ∙ 𝛥𝑇     
𝑄 =  991 𝐾𝑔 (3.10 𝐾𝐽/ 𝐾𝑔 °𝐶)( 10 °𝐶) (𝑀𝐽/1000 𝐾𝐽)     
𝑸 =  𝟑𝟎. 𝟕 𝑴𝑱  
𝐸𝑝 = (425  𝐾𝑔) (263.6 ±  23.0 L/𝐾𝑔)(0.0398 𝑀𝐽/𝐿) (0.09) 
𝑬𝒑 = 𝟒𝟎𝟎. 𝟒 ± 𝟑𝟒. 𝟖 𝑴𝑱 
Anaerobic digestion at  40 °C 
d.  F/I =5.0  
𝑄 =  𝑚 ∙ 𝑐𝑝 ∙ 𝛥𝑇     
𝑄 =  2421 𝐾𝑔 (3.85 𝐾𝐽/ 𝐾𝑔 °𝐶)( 20 °𝐶) (𝑀𝐽/1000 𝐾𝐽)     
𝑸 = 𝟏𝟖𝟔. 𝟒 𝑴𝑱  
𝐸𝑝 = (269  𝐾𝑔) (346.3 ±  20.6 L/𝐾𝑔)(0.0398 𝑀𝐽/𝐿) (0.09) 
𝑬𝒑 = 𝟑𝟑𝟑. 𝟕 ± 𝟏𝟗. 𝟖 𝑴𝑱 
e. F/I =10.0  
𝑄 =  𝑚 ∙ 𝑐𝑝 ∙ 𝛥𝑇     
𝑄 =  1736 𝐾𝑔 (3.65 𝐾𝐽/ 𝐾𝑔 °𝐶)( 20 °𝐶) (𝑀𝐽/1000 𝐾𝐽)     
𝑸 = 𝟏𝟐𝟔. 𝟖 𝑴𝑱  
𝐸𝑝 = (347  𝐾𝑔) (308.4 ±  0.6 L/𝐾𝑔)(0.0398 𝑀𝐽/𝐿) (0.09) 
𝑬𝒑 = 𝟑𝟖𝟑. 𝟑 ±  𝟎. 𝟕 𝑴𝑱 
f. F/I =30.0  
𝑄 =  𝑚 ∙ 𝑐𝑝 ∙ 𝛥𝑇     
𝑄 =  991 𝐾𝑔 (3.10 𝐾𝐽/ 𝐾𝑔 °𝐶)( 20 °𝐶) (𝑀𝐽/1000 𝐾𝐽)     
𝑸 =  𝟔𝟏. 𝟒 𝑴𝑱  





𝑬𝒑 = 𝟒𝟑𝟐. 𝟖 ± 𝟐𝟒. 𝟐 𝑴𝑱 
 
Appendix C. ANOVA for the Biochar, Alkali and Temperature Effects on the 
Biomethanation Kinetics of AWAO Water Hyacinth 
 
a. 21 Days of Digestion 
 
> summary(aov.Methane_AWAO_BC_21) 
               Df Sum Sq Mean Sq F value  Pr(>F)    
Alkali_21       2   1078     539   0.844 0.45054    
Biochar_21      2   1437     719   1.126 0.35200    
Temperature_21  2  11796    5898   9.243 0.00276 ** 
Residuals      14   8934     638                    
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
> summary(aov.Kz_AWAO_BC_21) 
               Df Sum Sq Mean Sq F value   Pr(>F)     
Alkali_21       2  19.81    9.90   2.904 0.088114 .   
Biochar_21      2   1.65    0.82   0.242 0.788504     
Temperature_21  2  90.21   45.11  13.226 0.000595 *** 
Residuals      14  47.75    3.41                      
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
> summary(aov.Tlag_AWAO_BC_21) 
               Df Sum Sq Mean Sq F value Pr(>F) 
Alkali_21       2   1.62   0.811   0.188  0.831 
Biochar_21      2  11.79   5.895   1.366  0.287 
Temperature_21  2   8.53   4.267   0.989  0.397 
Residuals      14  60.41   4.315                
> TukeyHSD(aov.Methane_AWAO_BC_21) 
  Tukey multiple comparisons of means 
    95% family-wise confidence level 
 
Fit: aov(formula = Methane_yield_21 ~ Alkali_21 + Biochar_21 + Temperat
ure_21, data = df_AWAO_BC_21) 
 
$Alkali_21 
                diff       lwr      upr     p adj 
0.07-0      4.213333 -39.86351 48.29017 0.9661658 
0.14-0    -11.045556 -55.12240 33.03129 0.7921419 
0.14-0.07 -15.258889 -46.42592 15.90814 0.4280294 
 
$Biochar_21 
              diff       lwr      upr     p adj 
0.05-0   14.204286 -21.13581 49.54438 0.5578734 
0.1-0    19.617143 -15.72295 54.95724 0.3422249 
0.1-0.05  5.412857 -29.92724 40.75295 0.9157521 
 
$Temperature_21 





80-22    35.074444  -16.84342  86.992304 0.2474257 
100-22   -9.767222  -61.68508  42.150638 0.9458873 
170-22  -25.307222  -77.22508  26.610638 0.5099297 
100-80  -44.841667  -87.23242  -2.450912 0.0366618 
170-80  -60.381667 -102.77242 -17.990912 0.0048886 
170-100 -15.540000  -57.93076  26.850755 0.7151103 
 
> TukeyHSD(aov.Kz_AWAO_BC_21) 
  Tukey multiple comparisons of means 
    95% family-wise confidence level 
 
Fit: aov(formula = CH4_rate_21 ~ Alkali_21 + Biochar_21 + Temperature_2
1, data = df_AWAO_BC_21) 
 
$Alkali_21 
                diff       lwr       upr     p adj 
0.07-0     1.8777778 -1.344500 5.1000551 0.3095319 
0.14-0    -0.1111111 -3.333388 3.1111662 0.9955210 
0.14-0.07 -1.9888889 -4.267383 0.2896052 0.0913231 
 
$Biochar_21 
              diff       lwr      upr     p adj 
0.05-0   0.5000000 -2.083569 3.083569 0.8693943 
0.1-0    0.6571429 -1.926427 3.240712 0.7866848 
0.1-0.05 0.1571429 -2.426427 2.740712 0.9861397 
 
$Temperature_21 
         diff       lwr        upr     p adj 
80-22    2.55 -1.245502  6.3455020 0.2514720 
100-22   0.35 -3.445502  4.1455020 0.9929542 
170-22  -2.90 -6.695502  0.8955020 0.1653826 
100-80  -2.20 -5.299014  0.8990144 0.2124585 
170-80  -5.45 -8.549014 -2.3509856 0.0008071 
170-100 -3.25 -6.349014 -0.1509856 0.0385070 
 
b. 55 Days of Digestion 
 
> aov.Methane_AWAO_BC <- aov(Methane_yield~ Alkali + Biochar + Temperat
ure + Pretreatment, data = df_AWAO_BC) 
>  summary(aov.Methane_AWAO_BC) 
            Df Sum Sq Mean Sq F value Pr(>F)   
Alkali       2    922     461   0.548 0.5901   
Biochar      2   1221     610   0.726 0.5014   
Temperature  2   9559    4779   5.681 0.0156 * 
Residuals   14  11778     841                  
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
> aov.Methane_AWAO_BC <- aov(Methane_yield~ Alkali + Biochar + Temperat
ure + Pretreatment, data = df_AWAO_BC) 
> summary(aov.Methane_AWAO_BC) 
            Df Sum Sq Mean Sq F value Pr(>F)   
Alkali       2    922     461   0.548 0.5901   
Biochar      2   1221     610   0.726 0.5014   





Residuals   14  11778     841                  
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
> aov.Kz_AWAO_BC <- aov(CH4_rate~ Alkali + Biochar + Temperature + Pret
reatment, data = df_AWAO_BC) 
> summary(aov.Kz_AWAO_BC) 
            Df Sum Sq Mean Sq F value Pr(>F)    
Alkali       2   4.59   2.293   1.192 0.3327    
Biochar      2   1.52   0.760   0.395 0.6808    
Temperature  2  31.93  15.965   8.297 0.0042 ** 
Residuals   14  26.94   1.924                   
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
> aov.Tlag_AWAO_BC <- aov(T_lag~ Alkali + Biochar + Temperature + Pretr
eatment, data = df_AWAO_BC) 
> summary(aov.Tlag_AWAO_BC) 
            Df Sum Sq Mean Sq F value Pr(>F)   
Alkali       2  49.64  24.820   2.912 0.0876 . 
Biochar      2  35.90  17.949   2.106 0.1587   
Temperature  2  57.28  28.641   3.360 0.0643 . 
Residuals   14 119.34   8.525                  
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
> Int_aov.Tlag_AWAO_BC <- aov(T_lag~ Alkali * Temperature +  Biochar + 
Pretreatment, data = df_AWAO_BC) 
> summary(Int_aov.Tlag_AWAO_BC) 
                   Df Sum Sq Mean Sq F value Pr(>F)   
Alkali              2  49.64  24.820   2.760 0.1033   
Temperature         2  57.28  28.641   3.185 0.0777 . 
Biochar             2  35.90  17.949   1.996 0.1786   
Alkali:Temperature  2  11.42   5.711   0.635 0.5469   
Residuals          12 107.92   8.994                  
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
> summary(aov(T_lag~ Alkali, data = df_AWAO_BC)) 
            Df Sum Sq Mean Sq F value Pr(>F) 
Alkali       2  49.64   24.82   2.102  0.151 
Residuals   18 212.52   11.81                
> Int_aov.Tlag_AWAO_BC <- aov(T_lag~ Alkali * Temperature + Biochar, da
ta = df_AWAO_BC) 
> summary(Int_aov.Tlag_AWAO_BC) 
                   Df Sum Sq Mean Sq F value Pr(>F)   
Alkali              2  49.64  24.820   2.760 0.1033   
Temperature         2  57.28  28.641   3.185 0.0777 . 
Biochar             2  35.90  17.949   1.996 0.1786   
Alkali:Temperature  2  11.42   5.711   0.635 0.5469   
Residuals          12 107.92   8.994                  
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
>  
> TukeyHSD(aov.Methane_AWAO_BC, "Temperature", ordered = TRUE) 
  Tukey multiple comparisons of means 
    95% family-wise confidence level 






Fit: aov(formula = Methane_yield ~ Alkali + Biochar + Temperature + Pre
treatment, data = df_AWAO_BC) 
 
$Temperature 
             diff        lwr       upr     p adj 
22-170  31.535251 -28.076153  91.14665 0.4427930 
100-170 40.182946  -8.489562  88.85545 0.1228257 
80-170  54.422807   5.750299 103.09531 0.0264147 
100-22   8.647695 -50.963709  68.25910 0.9738353 
80-22   22.887556 -36.723848  82.49896 0.6860506 
80-100  14.239861 -34.432646  62.91237 0.8296760 
 
> TukeyHSD(aov.Kz_AWAO_BC, "Temperature", ordered = TRUE) 
  Tukey multiple comparisons of means 
    95% family-wise confidence level 
    factor levels have been ordered 
 
Fit: aov(formula = CH4_rate ~ Alkali + Biochar + Temperature + Pretreat
ment, data = df_AWAO_BC) 
 
$Temperature 
             diff        lwr      upr     p adj 
100-170 1.0500000 -1.2778541 3.377854 0.5712676 
22-170  1.4166667 -1.4343607 4.267694 0.4943389 
80-170  3.2000000  0.8721459 5.527854 0.0064285 
22-100  0.3666667 -2.4843607 3.217694 0.9814584 
80-100  2.1500000 -0.1778541 4.477854 0.0747339 



















Appendix D. Energy Analysis for the Biomethanation of Low Temperature Wet Air 
Oxidized Water Hyacinth  
 
31 days of digestion 
 
1. Mass balance/ Heat capacity 
1000 kg (mFeed) of fresh water hyacinth has 910 kg of water, and 90 kg of solids. To 
reach 50 g/L (5% w/v), 1800 kg of water is required in total and 890 kg of water 
(m Water) would be added to 1 ton (1000 kg) of fresh water hyacinth.  The total mass (m) 
would be 1890 kg.  
Since adding water to the system is not practical, m = 1000 kg and Cp = 1.75KJ/ Kg °C 
will be assumed, which means that the system would have 9.9% solids. 
 
2. Heating Energy (Q) and Produced Energy (Ep) 
 
AWAO 
Q =  m ∙ cp ∙ ΔT     
Q =   1000 Kg (1.75 KJ/ Kg °C)( 60 °C) (MJ/1000 KJ)     
Q = 105.0 MJ  
Ep  = m ∙  BMP ∙ HHVCH4(TS/100) 
Ep = (1000  Kg) (129.7 ±  5.3 L/Kg)(0.0398 MJ/L) (0.09) 
Ep = 464.6 ± 19.0 MJ 
Enet = (464.6 ± 19.0) − (105.0  )MJ 
Enet = 359.6 ± 19.0 MJ 
 
Unpretreated 
Ep = (1000  Kg) (94.8 ±  11.8 L/Kg)(0.0398 MJ/L) (0.09) 
Ep = 339.6 ± 42.3 MJ 
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